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Abstract; 
The purpose of this research ... project is to develop fundamental 
understanding of mild steel crevice corrosion in atmospheric • environ-
ments. The parameters of crevice dimensional change due to corrosion 
product build-up, pH, current flow, potential and alternating current 
impedance response in the crevice were studied. 
' Distilled water, pH 4.5 H2S04 solution and 3% NaCl solution were 
used as realistic atmospheric electrolytes. Wet/dry cycles • ranging 
from 1 day wet/ lday dry to 7 days wet/ 1 day dry were applied to all 
crevice specimens. The experiments were performed for 1000-2500 hours. 
The specimens used in all of the experimental techniques shared cylin-
drical 50 mm geometries. 
f' Corrosion products formed when aerated water reacts with corroding 
mild steel occupy up to four times the volume of the base metal. This 
volumetric increase in a constrained • crevice ' causes pressure. The 
pressures developed in corroding crevices can deform structural compo-
nents. The low ionic concentration solutions, distilled water and pH 
4.5 H2S04, did not evolve enough bulk corrosion product to cause mea-
surable sample deformation. The maximum pressure caused by the corro-
1,,-
sion products in a 3% NaCl electrolyte crevice was 1.5 x107 Pa, (2100 
psi). The deformation caused by the corrosion products in the crevice 
was a function of the initial gap of the·, crevice. Initial gap settings 
of 0.30 mm produced the most severe dimensional changes. The rate of 
the dimensional change due to corrosion product evolution in the ere-
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vice decreased after the first 500 hours. 
Alternating current impedance spectroscopy results showed that cor-
rosion product build up in the crevice caused the resistance in the 
crevice to increase as a function of time. The increase in the resis-
tance was most significant in crevices subjected to 3% NaCl electro-
lyte. The most consistent resistance increases were observed in speci-
,,,,-,;;;-
mens with 0.30 mm (12 mil) initial gap settings. The impedance results 
confirmed the decrease in-'\ the rate of corrosion product evolution in 
the crevice after the first 500 hours. 
Electrochemical measurements in the crevice demonstrated the power-
ful effect of the wet/dry cycle on the crevice. The drying portion of 
the cycle was associated with an increase in the current flow from the 
inside the crevice. Simultaneously the pH in the crevice decreased to 
approximately 4.5. The pH changes were most severe in samples sub-
jected to 3% NaCl. The repeated wet dry cycles created corrosion prod-
ucts in the crevice that attenuated the current response of the elec-
trochemical measurement apparatus. 
-II-
• 
•. 
Acknowledgements; 
I would like to thank Dr., Henry Leidheiser for his exceptional 
guidance and effort in developing this project. Dr. Richard Granata's 
~~' 
expertise and talents in the lab were greatly appieciated, and invalu-
able in many facets of this project. The funding support provided by 
• 
the Advanced Technology for Large Structural Systems (ATLSS) was also 
central to the effective completion of this project. 
I 
I would also like to thanR my friends in the lab for their support 
and help with many of the technical issues in this study; 
John Catino 
John Mickalonis 
Phil Deck 
Marge Sawyers 
Patricia and Jose Santiesteban 
Special thanks to J. F. Ingle, Distinguished Member of Technical 
Staff, Bellcor ·Laboratories, for his assistance in basic circuit 
theory. Finally, I would like to thank Metallurgy technicians Arlan 
Benscotter and Andrea Weiss for their assistance in many of the techni-
cal aspects of this project. 
·, .-
-III-
' [ 
., 
Table c,f Contents; 
- Page# 
1 
------------------------
Contents 
--------------------
7 
10 
29 
49 
49 
62 
74 
101 
124 
127 
131 
-,, . 
. 
Introduction, description of problem 
Background literature review 
Table I, Hydrolysis Constants 
Procedure, assembly & testing details 
Table II 1018 Steel Composition 
Results & Discussion Section 
Results & Discussion of the Dimensional Change 
Photographic Record 
Results & Discussion of Dimensional Change Data 
Results & Discussion of Impedance Measurements 
Results and Discussion of Electrochemical Cell 
Measurement Experiments 
Conclusions 
Bibliography 
Vita 
-IV-
.• ' ~o. - •-,.,~ .,..,.._;: ·.- .·..., ~-- • ,;,,_ ... ·./. --. 
,1 
List of Figures; 
- page# 
3 
-----------------
Description------------------------------
' 
14 
21 
33 
38 
39 
40 
44 
46 
so 
- -------- - --··-·-----· -·------· -~-·- -
Fig. 1 Corrosion Packout in Large Structures 
Fig. 2 pH as a Function of Potential in a Crevice 
(Turnbull 1981, Alavi 1984) 
F'ig. 3 Corrosion Profile in a 0.25 mm (10 mil) Crevice 
formed between two CORTEN Steel Plates. (Wilde 
1975) / 
Fig. 4 Dimensional Change Measurement Specimen Sketch 
Fig. SA Electrochemical Measurement Apparatus Sketch 
Fig. SB Electrochemical Measurement Apparatus, pH 
Electrode Mounting Detail 
, Fig. SC Electrochemical Measurement Apparatus, Opera-
tional Schematic 
Fig. 6 pH Calibration Curve for a Sensorex 450 C Flat-
faced pH Electrode 
Fig. 7 Alternating Current Impedance Measurement Appa-
ratus Sketch 
Fig. 8 Selected representative photographs of a 0.30 
mm (12 mil) crevice subjected to 4/1 (wet/dry) 
cycles in 3% NaCl. Top view of crevice through 
the clear cover plate. Magnification 2x. 
-V-
. ·-,, '\' 
{J 
.·· '.'' ' ,-- ,,,,, 
55 
56 
58 
63 
64 
71 
76 
Fig. 9 A SEM photograph of ' carbon coated corroston 
product ridges, from a 3% NaCl trial with an 
initial gap setting of 0.30 mm (12 mils), sec-
ondary electron image, magnification 40x . 
. Fig. 9 B SEM photograph of carbon coated corrosion 
Fig. 
product ridges from a 3% NaCl trial • specimen 
with an initial gap setting of 0.30 mm (12 
mils), secondary electron image, magnification 
400x. 0 
10 SEM photograph of a 0.30 mm (12 mil) • crevice 
after the corrosion products have been removed, 
secondary electron image magnification 20x. 
Fig. 11 Dimensional changes as a function of time for 
50 mm diameter • specimens 
(wet/dry) cycles in 3% NaCl 
J 
subjected to 4/1 
Fig. 12 Dimensional changes as a function of time for 
25 mm diameter • specimens subjected to 4/1 
(wet/dry) cycles in 3% NaCl 
Fig. 13 Dimensional changes as a function of initial 
gap setting for 25 mm diameter specimens over 
selected time intervals 
Fig. 14 Impedance data from a 0.38 mm (15 mil) initial 
gap specimen subjected to a 4/1 (wet/dry) 
cycle in distilled water. 
-VI-
., 
.. 
0 
77 
78 
82 
84 
85 
t 
88 
97 
100 
103 
\.. 
".·""'~' ··1r .• ~~): ' 
·, I' •,\J 
L 
,, 
Fig. 15 Impedance data from a 0.38 mm (15 mil) initial 
gap specimen subjected to 4/1 (wet/dry) cycles 
in pH 4.5 sulfuric acid solution. 
Fig. 16 Impedance data from a 0.30 mm (12 mil) initial 
gap specimen subjected to 4/1 (wet/dry) cycles 
in 3% NaCl solution 
Fig. 17 Impedance responses from circuits fabricated 
from electronic components (J Catino 1985) 
Fig. 18 A Impedance magnitude results for a 0.30 mm 
(12 mil) initial gap specimen subjected to 4/1 
(wet/dry) cycles in 3% NaCl solution 
Fig.. 18 B Impedance phase angle results for a O. 30 nun 
(12 mil) initial gap specimen subjected to 4/1 
(wet/dry) cycles in 3% NaCl solution 
Fig. 19 Circuit diagrams for impedance transmission 
line model 
Fig. 20 Solution resistance as a function of time for 
a variety of initial gap settings 
Fig. 21 Solution resistance as a function of time for 
similar specimens subject to different wet/dry 
cycles 
Fig. 22 A Crevice solution pH as a function of time 
for specimens with different initial gap set-
tings subjected to 3% NaCl electrolyte 
-VII-
' 
p 
104 
105 
107 
108 
109 
111 
113 
114 
Fig. 22 B Crevice Solution pH as a function of time 
,, 
for a specimen subjected to pH 4.5 H2S04 solu-
tion. 
Fig. 22 C Crevice Solution pH as a function of time 
for a specimen subjected to distilled water. 
Fig. 23 A pH, Current, as a function of time for a 
0.30 mm (12 mil) specimen in 3% NaCl electro-
lyte 
Fig. 23 B Current and potential as a function of time 
for a 0.30 mm (12 mil) specimen in 3% NaCl 
electrolyte 
Fig. 24 pH and current as a function of time for a 
0.25 mm (10 mil) specimen subjected to dis-
tilled water 
Fig. 25 pH and current as a function of time for a 
0.25 mm (10 mil) specimen subjected to pH 4.5 
sulfuric acid electrolyte 
Fig. 26 A Representative pH and current data as a 
function of time over the interval of 100 to 
300 hours for a 0.30 mm (12 mil) specimen sub-
jected to 3% NaCl electrolyte 
Fig. 26 B Representative current and potential data as 
a function of time over the interval of 100 
) 300 hours for a 0.30 mm (12 mil) gap specimen 
subjected to 3% NaCl electrolyte. 
-VIII-
~tf 
121 
122 ... 
.. 
-<:· 
" Fig. 27 A Representative long term pH and current data 
as a function of time over the interval of 
1000 - 1800 hours for a 0.30 mm (12 mil) gap 
specimen subjected to 3% NaCl electrolyte 
Fig. 27 B Representative current, and potential data 
as a function of time over the interval of 
1000-1800 hours for a 0.30 mm (12 mil) speci-
men subjected to 3% NaCl electrolyte 
"[ 
• 
-IX-
. ~ .. 
> INTRODUCTION: 
The mild steels used in the construction of bridges and other 
large structures are vulnerable to atmospheric corrosion. Mild steel 
bridges are typically protected from the deleterious effects of • rain, 
~ road salt, and dirt by polymeric coating systems. These coatings 
unfortunately can not be applied to the crevices formed between the 
members in a structural connection. These connections' trap moisture, 
dirt and salt, creating an aggressive environment in the crevice that 
• promotes severe corrosion. This insidious attack is difficult to 
detect, and can destroy the integrity of critical supports. The 
catastrophic consequences of mild steel crevice corrosion were demon-
strated in 1983. formed The corrosion products the • in • crevices 
between a girder and a vital structural hangar on Connecticut's Mianus 
River bridge forced the hangar off of its support • pin, and precipi-
tated th~ disastrous collapse of the structure.6 This·case tragi-
cally demonstrated the consequences of crevice corrosion at a criti-
cal connection. The Mianus River Bridge collapse.also demonstrated 
) 
how difficult jrevice corrosion can be to detect. Connecticµt Depart-
ment of Tr~sportation inspectors had examined the bridge less than a 
year before the collapse and found only general corrosion problems. 
The 1967 collapse of the Point Pleasant Bridge in· West Virginia 
was also attributed directly to the effects of crevice corrosion of a 
vital connection. In this case an eye-bar used to support the road 
deck cracked. The crevice between the eyebar and the pin formed a 
crevice that trapped sulfur-based compounds from the atmosphere.lo 
" 
• 
The corrosion reactions in the crevice generated hydrogen that per-
meated the high strength steel eyebar. The steel hydrogen embrittled 
and caused the fracture on a cold winter day.10 There are no compre-
hensive data on percentages of large structures that fail due to ere-
• • vice corrosion. A 1981 Fritz lab report documenting bridge failures 
in the United States shows 6.1% of all collapses involve crevice cor-
rosion at a vital connection.s 
Crevice corrosion degrades the integrity of joints between mild 
steel members through both metal loss, and corrosion product induced 
pressure. Corrosion converts useful load bearing steel into useless 
oxide. Crevice corrosion decreases the effective thickness of struc-
~~---" meinbers and increases the net section stress in the steel. If 
the net section stress is increased enough, plastic yielding eventu-
-
ally leading to failure could occur. 
The far more severe structural problems attributed to crevice cor-
rosion in mild steels may be described by the term "packout". The iron 
ions formed when mild steel corrodes in atmospheric environments, 
eventually react with water to form iron oxides. This ion to oxide 
conversion is associated with a volumetric expansion that has been 
estimated as a factor of 2.4 to 4 times the initial volume of the base 
··, ,1 
., \.J 
metal.22,5 In an enclosed space such as a crevice the expansion is 
inhibited and the resulting pressures can reach thousands of pounds 
per square inch {psi).6,3 Figure 1 shows graphic example,s of how 
packout can deform steel members. Figure 1 A is particularly inter-
esting because the bridge had been painted only 5 months before the 
-2-
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B) Carbon Steel 
Clay Pit Road Bridge N.J . 
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Fig. 1 Corrosion Packout in Large Structures 
-3-
\ 
photograph was taken. The cracks in the coating around the joint 
attest to the ineffectiveness of paint as a crevice corrosion protec-
tion mechanism. 
The forces this packout exert on a joint wedge the joint from the 
inside, and are rarely considered in the design of a structural sys-
tem. Only one 1 inch nut was included in the design of the Mianus 
River bridge hangars to resist the lateral forces that eventually 
, ' 
destroyed the bridge.6 Packout corrosion has been observed in bridges, 
electrical transmission towers, and reinforced concrete systems. The 
destruction of reinforced concrete systems is presently under study by 
Dr. R. Granata as another facet of this NSF project. This study will 
make specific measurements of the forces developed during the 
corrosion of mild steels. 
• crevice 
The NSF funded Lehigh University Center for Advanced Technology in 
Large Structural Systems (ATLSS) is working on 'developing a monitor 
that will warn maintenance engineers of crevice corrosion in a bridge 
or other large structure. The work described in this thesis was per-
formed to develop an understanding of the chemical fundamentals in a 
.. 
corroding mild steel crevice. Later work using the results of this 
study will be used to generate a working crevice corrosion monitor. 
Because bridges and other large structures are typically designed 
for long term service, the experiments utilized in this study were 
performed for a minimum of 1000 hours. To duplicate the type of envi-
ronment that might be encountered by an exposed structure three types 
of aggressive electrolytes were used in this study. A 3% NaCl solu-
., 
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tion was used to approximate the aggressive electrolytes formed when 
de-icing salts are mixed with water. This solution is also a good 
analog for the spray effects that would be encountered by a bridge 
over a brackish estuary. A pH 4.5 H2S04 solution was used to approxi-
mate exposure to acid rain. Distilled water was used in this study 
as an analog t~ non-acid rain. Because rain falls intermittently on 
large structures, all of the electrolytes were applied to the samples 
in a series of wet/dry cycles. These cycles of immersion in electro-
lyte, followed by exposure to high humidity, create realistic weather-
ing conditions. The use of wet/dry cycles has also been shown to 
create accelerated corrosion conditions. Lyon et a1l6, and Wilde and 
Jones31 have shown corrosion acceleration correlations between cyclic 
wetting experiments, and actual long term atmospheric exposure exper-
iments. 
The 1018 steel used for all of the experiments was chosen as a 
. realistic representatj..on of the mild steels frequently used in the 
construction of large structures. These steels contain carbon, manga-
nese, and small amounts of sulfur .and phosphorous. They have no chro-
mium, nickel or molybdenum, and very little copper. These ma.terials 
contain inclusions and a wide range of other metallurgical defects. 
In order to limit the effects of this construction grade steel on the 
research results, the steel samples used in all of the experiments 
were fabricated from the same commercial grade 3 inch bar of 1018 
steel. These choices of electrolytes, exposure conditions, and sprci-
"·' 
/ 
men materials allow this work to be applied to the ATLSS corrosion 
-5-
monitor design effort. 
The term "crevice'"· corrosion" as used in this report should be 
clarified. The crevice corrosion of carbon steels does not follow the 
classic series of chemical steps described by Evans in 1964, and more 
recently by Fontana and Greene.4,7~ These crevice corrosion models 
are all based on a metal being • passive • 1n the bulk solution, and 
active in the small volume of electrolyte trapped in the crevice. 
Mild steels do not meet this criteria, because they usually have small 
active and passive sites both inside and outside the crevice. 
Without a passivating material, the analysis of crevice corrosion 
conditions must be based on measurements of electrochemical parameters 
inside and outside the crevice. By measuring variables such as cur-· 
rent flowing from the crevice and pH within the crevice, it is appar-
ent that mild steels do suffer from crevice corrosion. This thesis 
will show that non passivating 1018 steel will suffer a form of cre-
vice corrosion that is strongly based on the repeated wet/dry cycles. 
These effects will be described in terms of AC impedance measurements, 
f'. 
electrochemical measurements, and visual observations. 
-6~ 
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The applicability of published literature dealing with crevice cor-
rosion of passivating materials to this study of mild steel • crevice 
, 
corrosion is limited. The bulk of the available literature on crevice 
•.\ 
corrosion refers to systems in which the metal exposed to the bulk 
solution • lS passivated. Studies of passivating metals typically deal 
with systems such as 304 stainless steel in 3.5% NaCl, or pure alumin-
ium in .OSM NaC1.llThese metal/electrolyte combinations experience two 
different corrosion conditions during crevice corrosion experiments. 
The metal exposed to the bulk solution is passivated by the available 
oxygen, while the metal exposed to the small volume of electrolyte 
trapped • in the • crevice actively corrodes. All of these passivating 
systems can be modeled by the following • series of chemical 
described in Fontana and Greene's text Corrosion Engineering.7 
The metal ions evolved in the crevice due to the gen-
eral action of chloride on the passive surface are oxid-
ized by the 02 in the crevice solution. The oxygen is 
conswned and can not be replenished from the bulk solu-
tion because of mass transport restrictions. The metal 
exposed to the bulk solution experiences the same chemi-
cal reactions, but is constantly repassivated by the 
available oxygen in the bulk solution. 
The positively charged metal ions continue to evolve 
in the crevice. These metal ions draw the highly mobile 
negatively charged chloride ion into the crevice to 
maintain charge balance. Electrons evolved in the cre-
vice are conswned by cathodic reactions on the passi-
vated surfaces exposed to the oxygen in the bulk solu-
tion. These cathodic reactions actually protect the 
zone outside of the crevice from corrosion. 
The solution of metal and chloride ions in the crevice 
hydrolyze, producing insoluble metal chlorides. These 
hydrolysis reactions produce hydrogen ions as a by-
product, and decrease the pH in the crevice. This low pH 
in the crevice promotes more rapid dissolution of the 
base metal. The corrosion in the crevice produces more 
-7-
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metal ions that react with more chloride to produce more 
acid, leading to a self perpetuating cycle. 
This model can not be directly applied to crevice corrosion of mild 
steel in sodium chloride solutions because these systems exhibit no 
long term passivity. There is no obvious distinction between the mild 
steel corroding • 1n the bulk solution and the mild steel corroding in 
the crevice. There are extremely small active and passive sites on the 
mild steel exposed to the bulk electrolyte, and the mild steel in the 
crevice. 31 
Comparisons between passivating systems and mild steel • 1n atmo-
spheric environments are frequently impossible because of the measure-
ment techniques used in the passivating system experiments. Measure-
ment techniques that work well with passivating systems are often based 
on visual differences between the passive outer region of the sample, 
and the active crevice zone.11,26 Kain in 198412 presented a paper on 
the crevice corrosion of 304 and 316 stainless steels in sodium chlo-
ride solutions that graphically demonstrates this type of measurement 
limitation. A standard Multiple Crevice Assembly (MCA) test was 
employed in natural sea water. In an MCA test, a notched Teflon washer 
is held on the surface of a coupon by an inert bolt. 
">' 
The tension on 
the bolt controls the crevice gap. Crevice corrosion occurs under the 
contact points of the washer. The results of the experiments are eval-
}1ated by counting the number of sites attacked, and the severity of the 
attack.12 Based on these counts the crevice corrosion resistance of 
the tested materials may be ranked. 
The same type of experiment using mild steel will not produce use-
ful data because there is no distinction between the general attack on 
-8-
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the exposed surface. of the coupon and the crevice attack on the spe-, 
cific sites below the MCA crevice former. Examples of crevice corro-
sion test methods that are limited to passivating systems may be found 
in IJsseling's 1981 crevice corrosion test method review paper.11 These 
examples demonstrate the inapplicability of some of the background lit-
erature dealing with passivating materials to the problem of mild steel 
• • crevice corrosion. 
Another factor in determining the inapplicability of results from 
studies of passivating systems to the mild steel • • crevice corrosion 
work • 1S the radical differences in the alloy chemistries of mild 
steels and the passivating materials. The passivating alloy systems 
(Al, Ti, Ni, Stainless Steel) all evolve ions that h~ve relatively high 
hydrolysis constants (Hydrolysis reactions for elements encountered • 1n 
steels are given in Table I). These ions tend to acidify the crevice 
solution more than the ferrous ion. For example, the hydrolysis reac-
tion log K of Fe++ is -9. 5, while the log K of the er+++ ion is -4. O'' . 
This four order of magnitude difference is related to the amount of 
acid evolved in the crevice solution. These chemical differences limit 
the applicability of many of the passivating alloy studies to the study 
of mild steel crevice corrosion. 
/ 
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Table I 
Hydrolysis Reaction Constants for Metals 
Reaction 
--------------------
Constant ------- pH----Ref.# 
Fe+++ 2H20 --> Fe(OH)+ + H30+ NA 
Fe 111 + 4H20 --> Fe(OH)++ + 2H30+ NA 
Fettt + 4H20 --> Fe(OH)++ + H+ 
Fe+++ H20 --> FeOH+ + H+ 
cr·•·-t+ + H20 --> CrOH++ + H+ 
log K-= -2.2 
log K-= -9.5 
log K - -4.0 
log K - -9.9 
4.0 
3.2 
NA 
NA 
NA 
NA Ni+++ H20 --> NiOH+ + H+ 
Mn+++ H20 --> MnOH+ + H+ log K = -10.6 NA 
8 
8 
27 
28 
28 
28 
28 
· There is a small body of literature available on the crevice corro-
sion of mild steels. These studies provide useful information on both 
experimental results and techniques. Much of the published work on 
mild steel crevice corrosion is related to the stress corrosion crack-
ing of mild steel in sea water. Unfortunat·ely these studies tend to 
I, 
dwell on instantaneous measurements of the solution at the tip of a 
growing stress corrosion crack.27 This type of short term information 
does not really provide much insight into the behavior of a mild steel 
crevice over thousands of hours. Longer term studies of mild steel 
crevice corrosion have been performed by McCafferty21, Turnbull29, 
Pourbaix23, and Alavil. Their results represent the most specific 
literature background for this research p~oject. 
McCafferty21, Turnbull29, Alavil, and Pourbaix23 have all studied 
the • crevice corrosion effect in mild steels . The mild steels used in 
all of these studies were consistently free of metals. with intrinsi-
-10-
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cally high hydrolysis constants. The metals studied by ~hese authors 
ranged from Ferrovac E iron to structural steel BS 4360 SOD steel. 
Beyond these experimental similarities there were very few points on 
which these authors agree. The reported pH measurement in the • crevice 
assemblies provides a. good example of the contradictory findings ih 
these mild steel crevice corrosion studies. 
McCafferty21 and Pourbaix23 measured pH values in the acid range 
for their mild steel crevices. Turnbull and Alavi determined pH·· values 
in the alkali range for their mild steel crevice corrosion experiments. 
Mccafferty used Ferrovac E iron crevices with a circular 1.25 in. 
diameter. The crevices studied ranged from 5 to 125 mils.21 The cre-
vices were allowed to corrode freely and when coupled with either Pt 
gauze or Pt wire. The elctrolyte for all trials was either 0.6 N · or 
0.06 N NaCl.21 McCafferty measure his crevice pH, after 50 hours of 
testing, by slowly withdrawing the bulk solution from around the cre-
vice, and then ope~ing the cover. -The crevice solution was then meas-
ured using narrow range pH papers, and the pH was 4.7.21 This value was 
theoretically explained by Mccafferty in a later paper based on acti-
vity coefficient calculations in the crevice.20 
Pourbaix measured an acid pH in his experimental apparatus. The 
Pourbaix cell consisted of two compartments on the same coupon of "mild 
steel".23 The compartments were connected electrically and physically 
allowing Pourbaix to control the access of air to both the crevice 
solution and the bulk solution. This arrangement allowed Pourbaix to 
create known oxidation conditions in the isolated "crevice" compart-
ment, even though no actual crevice existed. This technique was not 
-11-
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new, Rosenfeld, and Marshakov in 196426 commented on similar a~paratus. 
Pourbaix easily defined the specific. conditions in his crevice. He 
determined that the pH in a 3% NaCl solution crevice in the deaerated, 
and aerated conditions. The deaerated pH was usually between 7 and 8. 
The aerated pH usually fell to between 3 and·4.23 Pourbaix performed pH 
measurements every day over the course of his 10-day experiment. These 
results were directly contradicted by the findings of Turnbull and 
Alavi. 
198129 
The alkali in situ pH measurement.s reported by Tti<rnbull • 1n 
were confirmed by Alavi1 with a similar in situ type of exper-
iment in 1984. Turnbu1129 and Alavil used similar rectangular coupled 
• crevices. Turnbull used a 33 mm x 22 mm crevice with a gap width of 
0.15 mm. The crevice consisted of an inert side plate, and an electrode 
made of BS 4360D. The crevice was sealed on three sides, and open to 
the solution on only one face. The inert crevice cover plate contained 
a 2 mm diameter glass bulb type electrode that Turnbull used to measure 
the crevice pH. The crevice assembly was coupled to a large sheet of 
the same steel that was immersed in the bulk electrolyte. The area 
ratio between the crevice section and the external plate was 1:20.29 
Alavi1 used a 88 mm x 25 mm crevice with a gap of 0.09 mm. His 
specimen was also a rectangular configuration with only one side of the 
crevice exposed to the solution. The steel used in all of these exper-
iments contained 0.88 C, 1.25 Mn, 0.56 Cr, and 0.17 Ni. For the free 
corrosion trials Alavi connected his crevice to a section of the same 
steel exposed to the bulk electrolyte .. This exposed plate had 57 
times the surface area of the plate in the crevice assembly. Under 
free corrosion conditions, the crevice was coupled to thi~ large plate 
-12-
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of the same steel in the same solution. Turnbu1129 and Alavil carried 
out measurements over the range of three days, or 70 hours. The 
alkaline crevice pH measurements made by Turnbull and Alavi were pre-
sented by Alavi in 1984 
observations (See Fig. 2).1 
and based on a graph from Turnbull's 1981 
The apparent contradiction in these results did not escape Turn-
bull. 29 He pointed out that the data shown in Fig. 2 from Pourbaix's 
work could not be related to his alkaline pH measurements. Turnbu112 9 
attributed these effects to geometric parameters. Alavil used a Pt/H 
pH electrode, and related his data to the data collected by Turn-
bull.29 He concluded that although many of his measured pH values 
appeared greater than those· reported by Turnbull, he was still within 
the range of experimental scatter.1 Alavi offered no explanation for 
his results relative to the lower pH measurements obtained by McCaf-
ferty or Pourbaix.1 
The variations in the techniques used by each author, and the dif-
ferent time intervals over which the pH measurements were made make 
interpretation of this body of literature difficult. The conclusion 
may be reached that the geometry of the crevice, the access of oxygen 
to the electrolyte in the crevice and the anodic dissolution character-
istics of the metals used were all cited as possible causes of the dis-
crepancies in the observed results. 
The access of oxygen to the electrolyte solution is the most sig-
nificant source of variation in the measurement of crevice electrolyte 
pH. The experimental techniques used by these four researchers in the 
crevice pH measurement were all different. It is important to note the 
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acidic pH readings all occurred in experimental systems that could be 
assumed to allow some oxygen ~o interact with the crevice electrolyte. 
The higher pH readings occurred in the in situ measurement schemes. 
This variation might be explained by the formation of the ferric ion in 
the crevice electrolyte. The hydrolysis constant for the ferric ion is 
of the same order of magnitude as the constant for the chromium ion, as 
shown in Table I. Hydrolysis of these ferric ions could produce the 
extremely acid environments observed in the crevice. This effect of 
oxygen on the crevice was discussed by Pourbaix23 and McCafferty21. 
The lack of a universal consensus on the behavior of the pH in a mild 
steel crevice made pH determination a major issue addre~sed in the pre-( 
sent study. 
Other electrochemical parameters such as current flow in a crevice, 
and potential were studied with a wide range of techniques. McCafferty 
used a single iron electrode as one side of a crevice. Pourbaix used a 
cold rolled steel disk in which the isolated central region was defined 
as the crevice. Turnbull29 and Alavil used similar crevice assemblies. 
Both Turnbull and Alavi used rectangular crevice assemblies with inert 
cover plates. These cover plates contained measurement electrodes. It 
is immediately apparent that the polarization curves generated from 
this wide range of experimental geometries are subject to substantial 
variabil'ltjr. Because the geometry of the crevices used by Alavi and 
Turnbull are so similar, their potential measurements will be reviewed. 
Alavi observed that the potentials of the external plate and the 
crevice fell in the first 20 hours of the experiment.l The potential /_./ 
of the crevice usually started at -600 mV, and then fell to -700 mV 
-15-
over the 70 hour experiment.1 The potentials w•~re measured at four 
.. 
positions over the length of Alavi's crevice. Using data from the 
external mouth of the crevice and the bottom of the crevice, the steady 
state potential drop across this crevice was approximately measured. 
For the free corrosion trials the potential drop was very consistent 
after the first hour of the experiment and was -25 mV vs. SCE (crevice 
base being more positive than the exposed steel plate).l 
These results agree with the earlier work performed by Turnbu1129 
on his similar crevice assembly. Turnbull also observed the rapid (< 
24 hour) change in potential, and the slight potential drop between the 
base of the crevice and the exposed plate. Both authors provided very 
little information on the current flow out of their crevice assemblies. 
Turnbull did present one set of data for current density as a function 
of applied potential. However the current density as a function of 
applied potential contained no reference to the free corrosion condi-
tions between the external plate, and the crevice. 
McCafferty20 showed a number of current flow plots for his crevice 
assembly. Unfortunately Mccafferty coupled his • crevices to Pt, and 
,. 
this sort of couple will most definitely not represent the real world 
free corrosion conditions experienced by a bridge. The lack of realis-
"y..__ 'f'!j·~ 
tic information on the current flow between a crevice and an exposed 
steel surface pointed out the need for this parameter to be studied 
this research project. 
• 1n 
The civil engineering community provided a number of useful papers 
on the deleterious mechanical effects of packout corrosion on the 
integrity of structures. The structural engineer is concerned with 
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mild steel crevice corrosion because of the large volumetric· increase 
associated with the development of corrosion p.roducts in the crevice. 3 
These expanding corrosion products lead to pressures inside the joints 
in a mild steel structure, and as mentioned in the INTRODUCTION section 
can cause failure of the structure. The INTRODUCTION section discussed 
the case of the Mianus River Bridge collapse. The failure analysis 
report on this disaster also proved to be a valuable background 
resource. 
The report reviewed for this project was produced by Professors 
Fisher and Pense of Lehigh University,·as a support effort for the Zet-
lin Argo Structural Investigation firm report to the Connecticut 
Department o.f Transpprtation. 6 The most interesting information • 1n 
this report covered the use of an accelerated test for the development 
and measurement of corrosion packout. Sections of the actual bridge 
material (a simple mild steel) were assembled as test crevices with 
gaps between 0.25 mm and 3.17 mm. The crevices were formed between two 
steel • specimens that were shaped like the large washers in the actual 
bridge sections. The crevices were subjected to free corrosion condi-
tions under the influence of wet/dry cycles. Immersion in a bath of 
flowing aerated 3.5% NaCl solution for 20 hours constituted a wet 
cycle. The dry cycle was achieved by withdrawing the bulk solution 
from the flow chamber, and lasted only four hours. The specimens were 
connected to a strain gauge measurement system that reported the loads 
developed between the two steel sections.6 
These experiments demonstrated the importance of performing long 
term studies. In all of the trials, 600 hours of study was required 
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-before any significant pressures were developed. The pressures devel-
, 
oped after 2016 hours were typically between 150 and 300 psi. The max-
imum pressure developed in any experiment was 2000 psi.6 These pres-
sures did not develop uniformly in all of the samples in the study. 
Some of the samples with the 0.25 mm gap setting did not ever develop 
appreciable pressures in the crevice. Although no supporting data were 
provided, the authors attributed this lack of activity to • corrosion 
product build up in the small crevice. It was assumed that this build 
up of corrosion product sealed off the crevice from external wetting, 
and prevented corrosion.6 
The most interesting conclusion reached by Fisher and Pense was 
that the wet/dry cycles increased the corrosion rate. The discussion 
of the re'asoning leading to this conclusion was based on the assumption 
that oxygen entering the crevice from the atmosphere would react with 
the corrosion product rich electrolyte, generate acid, and cause more 
rapid corrosion. A major thrust in the present study is to expand on 
the findings of Fisher and Pense. 
Brokenbrough3 examined the effect of bolt spacing and initial gap 
on the pressures developed • • 1n crevices formed between plates held 
together by high strength bolts. "Medium carbon steel", and "weather-
ing steel" specimens with extremely complex bolting patterns were 
exposed to the atmosphere at Kure Beach, N.C. The gaps ranged from 0 
(assumed gap for a very tight joint) up to a maximum of 7/16 • in. (11 
mm). The author was interested in the deleterious effects on the 
r 
structural connection caused by the corrosion product packout. Brock-
enbrough found the deformation in the joints was not uniform, and usu-
-18-
ally occurred at a corner, away from a bolt. This complex deformation 
behavior was analyzed by finite element methods. The results were com-
plex plot.s of bolt stress as a function of corrosion product induced 
pressure. Measured and theoretical results from these trials showed 
corrosion product pressures between 1000 and 2000 psi3 
Wilde30 studied the packout corrosion of CORTEN steel power trans-
r, 
mission line with specific emphasis on the deformation in bolted 
joints. Experiments were run in both the completely wet condition, and 
the wet/dry cyclic condition. In both cases the specimens were pre-
pared with 25.8 cm2 (4 square inch) lap joints between larger COR-TEN 
steel plates.30 The gaps were set consistently by 0.25 mm Teflon 
shims. As with the work of Fisher and Pense, the • specimens, were 
instrumented with strain gauges to measure the effects of corrosion 
packout. Wilde also used a set of insulated electrical connections to 
each side of the lap joint in order to measure the potential and cur-
rent flow between the specimens. A small diameter Teflon tube filled 
with 0.1 N NaCl in agar was placed into the crevice through a hole 
drilled in the side of the crevice and used to measure potential 
changes in the crevice.30 The electrolyte used in the wet/dry trials 
was designed to mimic, but also accelerate, the type of • corrosion 
encountered in an industrial atmosphere. The solution contained 0.05 M 
Na2S205 and 1.0 N NaCl in distilled water, and produced general corro-
sion at a rate 117.3 times greater than that experienced by a similar 
specimen exposed to the atmosphere in __ Newark N. J. 31 The wet/dry cycles 
were extremely short, with immersion in the solution for five minutes, 
followed by 55 minutes of air drying in front of a warm air blowing 
-19-
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machine. Unfortunately no discussion of the effectiveness of this 
cycle was provided. 
Wilde30 determined that little corrosion occurred in the first 
100 hours of the experiment. In order to gather more data, the author 
ran trials of 600 hours. Considering the aggressiveness of the solu-
tion used in this work relative to the 3.5% NaCl used by Fisher and 
Pense6, the 624 hour time frame is quite reasonable. Wilde observed 
that the corrosion products caused bowing in the joint, and that this 
bowing force could exceed 12,000 psi.30 This force was calculated by 
finite element analysis of the observed deformation between the bolts 
in the apparatus and is 6 times the pressure repor;ed by Fisher and , 
I 
Pense. 6 T.Ti.lde30 d1·d not relate these f. d. f h. h · w in 1ngs o 1g crevice pres-
sures to any other previously published work. Trying to determine the 
magnitudes of the physical effects of this packout corrosion became a 
major thrust of the present research. 
Wllde30 also reported information about the potential and pH in the 
• crevice. The corrosion potential was reported to be between -0.55 V 
and -0.4 V. The pH was reported from an indicator paper analysis of the 
.. 
crevice solution after the crevice was opened. The intrinsic problems 
with this technique have already been discussed, so the reported pH of 
10-11 must be assumed to contain some errors due to atmospheric expo-
sure of the solution during measurement. Wilde carried out • a unique 
• series of • experiments on the metal sections of his crevice after the 
corrosion products had been removed. Using a profile measurement 
device Wilde traced the surface of his specimens in order to determine 
if··metal loss in the crevice was uniform, and if the zones of ,metal 
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ally occurred at a corner, away from a bolt. This complex deformation 
behavior was analyzed by finite element methods. The results were com-
plex plots of bolt stress as a function of corrosion product induced 
pressure. Measured and theoretical results from these trials showed 
corrosion product pressures between 1000 and 2000 psi3 
Wilde30 studied the packout corrosion of CORTEN steel power trans-
mission line with specific emphasis on the deformation in bolted 
,, 
joints. Experiments were run in both the completely wet condition, and 
the wet/dry cyclic condition. In both cases the specimens were pre-
pared with 25.8 cm2 (4 square inch) lap joints between larger COR-TEN 
steel plates. 30 The gaps were set consistently by 0.25 mm Teflon 
shims. As with the work of Fisher and Pense, the • specimens were 
instrumented with strain gauges to measure the effects of corrosion 
packout. Wilde also used a set of insulated electrical connect·ions to 
each sjde of the lap joint in order to measure the potential and cur-
rent flow between the specimens. A small diameter Teflon tube filled 
with 0.1 N NaCl in agar was placed into the crevice through a hole 
drilled in the side of the • crevice and used to measure potential 
changes in the crevice.30 The electrolyte used in the wet/dry trials 
was designed to mimic, but also accelerate, the type of • corrosion 
encountered in an industrial atmosphere. The solution contained 0.05 M 
Na2S205 and 1.0 N NaCl in distilled water, and produced general corro-
sion at a rate 117.3 times greater than that experienced by a similar 
specimen exposed to the atmosphere in Newark N.J.31 The wet/dry cycles 
were extremely short, with immersion in the solution for five minutes, 
followed by 55 minutes of air drying in front of a warm air blowing 
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machine. Unfortunately no discussion of the effectiveness of this 
cycle was provided. 
Wilde30 determined that little corrosion occurred in the first 
100 hours of the experiment. In order to gather more data, the author 
ran trials of 600 hours. Considering the aggressiveness of the solu-
tion used in this work relative to the 3.5% NaCl used by Fisher and 
Pense6, the 624 hour time frame is quite reasonable. Wilde observed 
that the corrosion products caused bowing in the joint, and.that this 
bowing force could exceed 12,000 psi.30 This force was 
;!} 
calculated by 
finite element analysis of the observed deformation between the bolts 
#, 
in the apparatus and is 6 times the pressure reported by Fisher and 
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Pense.6 Wilde30 did not relate these 
. ,- .... 
-· t 
findings of high crevice pres-
' sures to any other previously published work. Trying to determine the 
' 
magnitudes of the physical effects of this packout corrosion became a 
major thrust of the present research. 
Wllde30 also reported information about the potential and pH in the 
• crevice. The corrosion potential was reported to be between -0.55 V 
and -0.4 V. The pH was reported from an indicator paper analysis of the 
crevice solution after the crevice was opened. The intrinsic problems 
with this technique have already been discussed, so the reported pH of 
10-11 must be assumed to contain some errors due to atmospheric expo-
sure of the solution during measurement. Wilde carried out • a unique 
series of experiments on the metal sections of his crevice after the 
corrosion products had been removed. Using a profile measurement 
device Wilde traced the surface of his specimens in order to determine 
" if metal loss in the crevice was uniform, and if the zones of I metal 
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loss on one side of the lap joint corresponded with zones of metal loss 
on the other side of the lap joint. The findings from these profile 
studies have been included as Fig. 3. This figure shows that the metal 
loss in the crevice is definitely localized. Fig. 3 also shows that a 
zone of metal loss on one side of the crevice corresponds with metal 
loss zones on the other side of the crevice.30 The photographic studies 
performed in the present study provide an interesting confirmation of 
this observation. 
The final category of literature that must be discussed • 1S the 
background information on the alternating current spectroscopy tech-
nique. No publications discussed the use of AC impedance techniques in 
the study of • • crevice corrosion. The value of the AC Impedance back-
ground literature involved determining methods and techniques for com-
paring and evaluating the data produced in an AC impedance experiment .. 
The EG&G Princeton Applied Research Applications Note AC-2 was 
extremely useful-in developing a background understanding of the AC 
impedance technique. 9 This paper demonstrated the significance of the 
Bode plot format data in determining the solution resistance and polar-
ization resistance of a sample. The analysis techniques used on the 
data in this study were described in this EG&G Application Note. 
Mansfeld and Kendig 18,19 produced a series of two papers in 1982 
that also provided valuable insight into the treatment of impedance 
data. Mansfeld and Kendig demonstrated that realistic phenomenon such 
as corr~sion product on a surface affected the AC impedance response. 
) 
These auJhors also showed how changes in AC impedance response could be 
interpreted in ·terms of an electrical circuit model. The first paper 
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covered the use of the AC impedance technique in the analysis of coat-
ings. A later paper by Kendig and Mansfeld14 expanded on the duration 
of the studies of coating degradation, and demonstrated the use of 
long-term AC impedance studies. Although crevice corrosion was not 
discussed in any of these articles, the mechanism by which AC impedance 
data could be manipulated and the development of good circuit models 
was important to the present study. Mansfeld developed a model for his 
coating that included a pore resistance term. The pore resistance term 
was derived from the application of a curve fitting routine to· the com-
plex impedance plot of the data.18 Mansfeld applied this same routine 
to a number of trials performed at known time intervals. The resulting 
data in the form of pore resistance as a function of time could be 
plotted on arl. appropriate scale. The relative benefits of one coating 
over another in terms of pore resistance were quite obvious from this 
new plot.18 This method for developing new plots in order to ·clarify 
the evaluation of the impedance data was a key technique in this study. 
Mansfeld and Kendig'sl9 second paper in this series provided back-
ground information on the possible difficulties associated with making 
AC impedance measurements. This paper described the equipment limita-
tions that must be considered in the development of an AC impedance 
experiment. A plot showing the measured phase angle for a 1000 0 
resistor using six different potentiostats over the frequency range of 
1 to lx107 Hz demonstrated that equipment limitations existed above 
100,000 Hz. 19 The measured phase angle, which should be zero for an 
ideal resistor, showed deviations of up to 90 degrees in the range of 
107 Hz.19 These results, as well as a detailed discussion of the limi-
-23-
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~~ tations of certain circuit modeling techniques, made this paper useful 
in understanding the mechanics of AC impedance experiments. 
·- 1t 
Oltra and Keddam22 discussed the use of AC impedance methods in 
the study of localized corrosion. Unfortunately only pitting and SCC 
were specifically discussed. These two types of attack do provide some 
insight into the use of the AC impedance technique to study crevice 
corrosion. SCC experiments were conducted in a slow strain rate tes-
ter. 18 Cr, 10 Ni, and 2 Mo electrodes were subjected to 44% MgCl2.22 
The pitting trials were conducted in the same apparatus using the same 
rods, without the application of strain.22 1 M sulfuric acid with 0.003 
M chloride was used as the pitting solution. The pits were observed 
optically • using a 64x stereo microscope. Through an analysis of the 
response of the pitted steel in terms of the expected circuit model for 
the pit, and the surrounding surface, it was concluded that the 
frequency-dependent response of the cell could be used to determine the 
presence of a pit.22 
The SCC results were far more applicable to the present work. The 
build up of corrosion product in the crevice was taken into account • 1n 
the development of the transmission line model of a stress corrosion 
crack. The transmission line model was used in order to duplicate the 
'l 
transport of current from an exposed electrolyte bath through a 
restrictive conductive path (the crack) to an active site at the crack 
tip.22 The authors commented that if corrosion product build up on the 
sides of the crack was severe, a Warburg ~ype impedance response would 
be expected.22 Using the complex plane (Nyquist) data presentation 
format the authors concluded that the high frequency loop would vary 
~ 
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, most, in response to the build up of corrosion product in the crack. 
This conclusion was vague and difficult to apply to the present work. 
The conclusion reached in the review of this paper was that localized 
corrosion altered the impedance response of the specimen, but interpre-
tation of these changes was complex. MacDonaldl7 produced a paper in 
wh~ch he modeled the impedance response of a magnetite corrosion film 
in terms of the transmission line model of impedance response described 
by Oltra.22 The discussion of MacDonald's findings will be presented 
in the RESULTS section of this report. All of the background litera-
ture on AC impedance studies reviewed over the course of this project 
prove that there is no accepted technique for interpreting localized 
corrosion using the impedance technique, and that models will have to 
be developed for evaluating the AC impedance response of corroding mild 
steel crevices. 
The conclusions that may be drawn from the background literature 
on the • crevice corrosion of mild steels in atmospheric environments 
are: 
1) Mild steel crevice corrosion is a serious problem that can cause 
failure of large structures. 
2) Crevice corrosion of mild steels in atmospheric environments is a 
unique problem. Theory and results derived from studies of passivating 
systems do not apply to mild steel in atmospheric environments. 
3) Test methods based on active/passive transition regions can not be 
used in the study of mild steel in atmospheric environments. 
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4) Mild steel corrosion products can exert enough pressure in a crevice 
to ca~e visible deformation. 
5) Wet/dry cycles accelerate the formation of corrosion product pack~ 
out in the crevice. 
6) Continuously wet mild steel crevice systems experience 
• an increase 
in pH and a decrease in potential during studies of less than 200 
hours. 
7) Long term studies of mild steel crevices will be required to fully 
understand the phenomenon. 
8) The AC impedance response of specimens subjected to localized cre-
vice corrosion may be characterized in terms of the transmission line 
model. 
\ 
I 
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PROCEDURE: 
The' BACKGROUND section discussed the problems associated with 
applying results from crevice corrosion experiments on passivating 
materials to the case of mild steel crevice corrosion. Although the 
results derived from studies of passivating system studies were diffi-
cult to apply to this work, some of the experimental techniques 
described for use with passivating materials could be modified 
slightly and applied to the study of mild steel in atmospheric envi-
ronments system. Design features collected from the literature were 
utilized in the construction and operation of the three types of appa-
ratus used in this study. The final designs of all of the apparatus 
used in this study are new. 
Three • primary types of experiments were performed in this study. 
Different experimental specimens were used with each of the studies. 
All three types of experiments did, however, share similar geometries, 
materials , and assembly techniques. 
The metal segments of all of three designs were fabricated from 
the billet of 
• 
hot rolled 1018 construction grade stock. The same 
material received no special treatments prior to use in these exper-
"' iments in order to duplicate the conditions of the materials used in 
the construction of large structures such as bridges and buildings. 
The 1018 steel was tested in order to determine electrochemical uni-
formity. Both lateral and transverse"! cm2 sections were cut from the 
billet. A wire was soldered to the back of each cm2 sample before the 
/ samples were cast in cold mount epoxy. After curing, the samples were 
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ground to a aniform 600 grit surface. Combinations of these lateral, 
and transverse samples were tested • in 3% NaCl solution for 
24-hours. These tests determined if the microstructure of the steel 
from the different locations in the billet induced electrical couples. 
The two square centimeter sections were connected to a Keithley 385 
picoammeter and immersed at a fixed depth in a stirred 3% NaCl solu-
tion. The • • maJor1ty of the samples were electrochemically uniform, 
with no reproducible galvanic couple effects between samples from dif-
ferent • regions of the billet. The only reproducable galvanic couple 
developed when a sample from the outermost region of the billet was 
connected to a sample from the core. The current flow between the 
sample from the edge of the billet, an~ a section from the core was 
0.011 mA/cm2. Metallographic examination of these two samples showed 
elongated small grains at the edge of the billet (probably from a 
final sizing operation), and slightly larger uniform grains through 
the~ rest of the stock. In general the material contained many pores, 
and inclusions. In order to eliminate the effect of this induced 
couple from the experiment, the billet was machined down to a 50 mm 
outside diameter (O.D.). This lathe cutting operation removed the 
electrochemically active outer layer from the billet and insured • uni-
form samples for all of the experiments. The composition of the mate-
rial is given in Table II. 
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Table II 
1018 Stock Composition 
Element Specified Range (ASM) 
0.15-0.20 
0.60-0.90 
Measured% Alloy Element 
C 
Mn 
Si 
p 
s 
Cu 
Cr, Ni, Mo 
< 0.60 
0.035 Max 
0.04 Max 
< 0.6 
NA 
0.19 
0.65 
0.15 
0.03 
0.03 
0.4 
Trace 
These measured results were reported from the Analytical Depart-
ment of the Bethlehem Steel Research Laboratory in Bethlehem Pa. The 
·steel is well within the ASM specifications for the material. The low 
leve-ls of copper, chromium, nickel, and molybdenum in this alloy will 
not make an appreciable contribution to the hydrolysis reactions 
the crevice. 
• 1n 
The other materials used in the construction of the experimental 
apparatus were inert in the electrolytes used in this study. A clear 
hard polymeric material (trademark, ACRYCAL) was used for thenon-
metallic structural portions of the experimental apparatus. This 
"" 
material was assembled using solvent (methylene chloride) bonding. 
The steel sections were fixed to each other, and to the apparatus with 
an epoxy adhesive. The epoxy, LORD 321, is an industrial grade prod-
uct that is free of metallic reinforcement and specifically formulated 
to resist environmental attack. The apparatus was assembled in a 
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series of steps to.avoid the formation of extraneous crevices between 
the epoxy bonding material, and the steel portions of the apparatus. 
The success of these efforts to avoid crevices between the epoxy ·and 
I 
the ~steel were evaluated after each test by sectioning and examining 
the corroded sample. Samples showing severe corrosion between the 
epoxy, and the steel were not included in the results. 
In addition to these similarities in the materials used in the 
samples, all three types of experiments utilized a consistent geom-
., 
etry. The significance of the ge"ometric configuration of the crevice 
is well known. Alkire in 19852 introduced the concept of an aspect 
ratio in the • crevice apparatus. The aspect ratio is the ratio of 
the width (or diameter) of a circular crevice, and the gap (or separa-
tion distance) between the active sample, and the inert cover plate. 
Alkire2 found that certain combinations of gap and width produce cre-
vice corrosion while other did not. Unfortunately, Alkire used a pure 
Al sample in his work, so the results can not be directly applied to 
this research. Prior to Alkire's paper researchers had observed that 
narrow deep crevices suffered crevice corrosion more that wide shallow 
crevices or, a large narrow disk separated from a cover plate by a 
small distance would be more susceptible to crevice corrosion than a 
small disk separated from the cover plate by a large distance. 
Alkire's2 concept of the aspect ratio explained this observed synerg-
ism between these two geometric variables. This aspect ratio concept 
was applied to a review of the mild steel crevice corrosion background 
literature in order to make an assessment of the geometry of the 
sample used in this workr~. The samples used in all three experimental 
> 
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techniques were based on cylinders with a 50 mm dia. The cylinders 
were all 50 mm long, and the gap or widths ranged from 0.025 mm to 
2.54 mm. These combinations of gap and width covered the range of 
aspect ratios that cause crevice corrosion in mild steels. 
The specimens used in all three experiments were subjected to 
three primary environmental electrolytes. The electrolytes were pre-
pared from distilled water and laboratory grade chemicals. A 3% NaCl 
electrolyte was used as an analog to the type of solution that might 
be found on a bridge exposed to road salting, or brackish water. To 
condi:}ons encountered by a large structure exposed to 
clean rainwater, some specimens in each type of experiment were sub-
duplicate the 
jected to distilled water wet/dry cycles. The final electrolyte 
mimicked the more realistic condition of acid • rain that would be 
encountered by large structures in industrial environments. A solu-
tion of H2S04 in distilled water with a pH of 4.5 was used as the acid 
rain analog. The solution was prepared by adding 3 ml of sulfuric 
acid to a liter of distilled water. A 3ml aliquot of this solution 
was then added to a fresh liter of distilled water. The resulting 
solution contained 9xlo- 6 liters of sulfuric acid per every liter of 
distilled water.32 The specific mechanism for carrying out wet/dry 
cycles for each type of experiment will be described in the individual 
apparatus review. 
Dimensional Change Specimen 
The first experiments performed in this study were designed to 
determine if the corrosion product build up in the crevice could pro-
duce measurable deformation • 1.n a specimen, and if the initial gap 
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affected the magnitude of the deformation. The simple apparatus shown 
in Fig. 4 was designed in order to measure the effects of packout as a 
function of initial gap setting. The specimen consi.sted of a steel 
cylinder mounted in an inert support structure. The 1018 steel cylin-
der was ground before assembly of the crevice corrosion ex,perimental 
apparatus. Standard metallurgical wet grinding practices were used to 
produce a 600 grit finish on the specimens. To insure a sharp edge at 
the • crevice (Fig. 4) a jig was used in the grinding of the crevice 
face. The cylindrical polishing jig used a 10-24 set screw to hold 
the steel cylinder during the grinding operations. After two or three 
samples were prepared, the jig was turned ··on a lathe to 
the ground face was a flat surface. 
• insure that 
Both the flat face in the crevice, and the sides of the cylinder 
were ground to a uniform 600 grit finish. Sydberger27 and Rammalt24 
carried out experiments to determine the influence of surface rough-
ness on corrosion. Both authors found rough surfaces covered with 
defects and scratches were more active than smooth polished surfaces. 
These results were incorporated into the design of the crevice corro-
sion specimens. The crevice face, and the exposed sides of the sample 
were both finished to a uniform 600 grit surface. 
After grinding and cleaning in an inhibited 1,1,1 triclhoroethy-
lene vapor degrease,r the 1018 steel cylinders were mounted in epoxy 
on one side of the support, leaving a crevice between the other end of 
the steel cylinder and the cover plate (Fig. 4). The procedure devel-
oped for assembling these samples was applied to all of the ~xperimen-
tal apparatus used in this study. The~inert ACRYCAL frame for the 
.. 
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Fig. 4 Dimensional Change Measurement Specimen Sketch 
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sample was assembled first, leaving one of the end plates free to 
slide on the four guide rods. The cylinder was set into epoxy on this 
free end plate. While the epoxy was still soft, the end plate was 
placed back on the guide rods. By sliding this end plate on the guide 
rods the crevice end of the cylinder was brought into contact with the 
ACRYCAL • crevice cover plate at the other end of the steel cylinder . 
Because the epoxy was still soft while this operation was performed, 
inaccuracies in the assembly were absorbed by shifting of the steel 
specimen in the epoxy. The intimate cohtact of the steel and the cre-
vice cover plate ensured that when the epoxy cured, the crevice faces 
were completely parallel. The accuracy of this process was checked 
using an industrial projection shadowgraph. The tested sample was 
within 0.02 degrees of perfectly parallel (measurements performed at 
0, 90, 180, ·360 degrees on one sample and then averaged). 
After the epoxy cured, the cover plate could still be moved over 
the guide rods. The remaining motion of the steel specimen over the 
guide rods allowed the initial crevice gap to be set after the paral-
lel conditions in the crevice were achieved. The initial gap was set 
using combinations of MYLAR shim stock. The shims are industrial 
quality, and were accurate to 0.012 mm (specification was provided • 1n 
English units as+- 0.0005 mils). Two wide shims were placed between 
the cover plate and the steel cylinder. The cylinder was then brought 
into contact with the shims. In this configuration, the guide rods 
were bonded to the back cover plate using a solvent. When the solvent 
\ 
sealed the guide rods to the back cover plate, the shims were removed, ) 
and an accurate parallel crevice was formed between one end of the 
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steel cylinder, and the clear cover plate. The specimen assembly 
; 
required approximately thirty hours. 
After assembly, the specimens were subjected to cyclic exposure to 
3% NaCl solution. The cycle started with immersion in 3% NaCl for 24 
hours. The crevice was wetted manually • using both • syringes, and 
vacuum, in order to avoid the random effects of air bubbles trapped in 
the crevice. After the 24 hour period the sample would be removed and 
placed in a sealed chamber. The chamber was held at 98% relative 
humidity.and 21 degrees centigrade. The humidity in the chamber was 
produced by a saturated solution of K2S04 in a separate compartment 
below the specimens in the bottom of the chamber. The temperature • 1n 
the chamber was the same as the lab temperature, which was monitored 
during the course of the experiment and was a constant 21 degrees cen-
tigrade. In this chamber, the solution trapped in the crevice slowly 
dried out in the 98% humidity atmosphere. 
These cycles were repeated continuously for up to 2500 hours. The 
clear cover plate over the crevice allowed a photographic record of 
the corrosion process to be collected. The photographs will be 
cited in the discussion of the results, and used to clarify some of 
the observed phenomena in the measurement of the change in thickness 
o(, the specimen. The measurements of these samples were carried out at 
arbitrary intervals at the positions shown in Fig. 4. The entire 
sample was measured • using a calipers type micrometer (accuracy 
+-0.0005 in. or 0.01 mm) in order to determine·the effects of packout. 
Measurements were collected from two sides of each sample and aver-
aged. In order to avoid experimental errors based on the placement of 
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the calipers, the specimens were marked with specific measurement 
locations. This insured precise positioning of the micrometer from 
one measurement interval to the next. The specimens were always meas-
ured during the dry portion of the cycle. Prior to rewetting, each 
sample was inspected for degradation of the epoxy metal bond at the 
back cover plate. When this bond failed, an unwanted secondary cre-
vice formed, and the specimen was taken out of service. 
When a specimen was taken out of service, it was photographed 
using a 1:2 magnification lens. Some • specimens cleaned for 
examination in the SEM. The specimens were cleaned in a boiling solu-
tion of 10% H2S04 and 0.2% Rhodinetm inhibitor. This inhibited acid 
solution removed the corrosion product, but did not attack the base 
metal.32 The cleaned specimens were observed using both optical, and 
Scanning Electron Microscopy (SEM) techniques. 
Inaccuracies caused by swelling of the polymeric structural compo-
nents used in these experiments were addressed by running control 
samples along with the corroding specimens. The control specimen was 
identical to the corroding specimens, except for the use of an inert 
\ 
' 
metallic cylinder. Because the inert specimen suffered no crevice 
corrosion, any dimensional changes in this specimen was due to swel-
ling (or flow) of the polymeric supports. 
Electrochemical Measurement Apparatus 
The dimensional changes associated with corrosion packout are 
integrated measurements reflecting the effects of many wet/d~y cycles. 
In order to learn more about what happens during the wet/dry cycle, a 
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sample capable of measuring electrochemical parameters "in situ" was 
designed. The specimen shown in Fig. 5 was used to measure simulta-
neously current flow, potential, and pH of the electrolyte at the cen-
ter of a 50 mm diameter crevice. The atmospheric corrosioq conditions 
affecting the steel crevice sample at the center of the apparatus were 
controlled using the solution inlet, and solution outlet tubes shown 
in Fig. SA. The chamber surrounding the steel . ~ specimen was filled 
with electrolyte through the solution inlet tube. In this "wet" con-
dition the external surface of the steel specimen as well as the cre-
vice was exposed to the electrolyte. The electrolyte was siphoned out 
of the chamber using the solution outlet tube. In this condition the 
external surfaces of the steel ~pecimen were exposed to the atmosphere 
and ''dry''. The electrolyte that remained in the crevice due to capil-
lary action slowly evaporated. Repeating these wet/dry cycles over 
the course of the experiment, the realistic atmospheric corrosion con-
ditions were duplicated without disturbing the crevice. 
The specimen shown in Fig. 5 incorporates design features from 
the apparatus used by Turnbu1128, Alavil, Silerman26, and Alkire.2 
The specimen also uses all of the assembly, and construc.tion tech-
niques that were practiced on the Dimensional Change Measurement 
Samples. A brief comparison of Fig. 5 with Fig. 4 shows the similar 
features of the two types of specimens. 
The simple concentric cylinder electrode configuration utilized in 
this study • l.S a modification of a more complex design by Alkire.2 
Alkire used a series of seven concentric Al rings and a solid Al core 
in his 1985 study of crevice corrosion. The design shown in Fig. 5 
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used only two segments, a hollow outer cylinder and a solid • inner 
core. As shown in Fig. SA, the solid core cylinder was mounted in the 
center of the hollow outer cylinder with epoxy. The outer cylinder 
was SO mm OD, and 27 mm ID .. ,~The inner cylinder was 15 mm diameter. 
The area ratio in the crevice between the outer and inner cylinders 
was (outer/inner) 8/1. The epoxy layer between the two steel segments 
was 6 mm. This thick epoxy layer improves upon Alkire's concentric 
cylinder apparatus which had less than a mm of insulating epoxy separ-
ating the electrodes.2 This thicker layer of epoxy • l.S beneficial 
because it has enough bulk to remain an effective insulator even after 
long term water absorption from the aggressive electrolytes used • 1n 
this study. 
Silverman26, Turnbul129 and Alavil pointed out the importance of a 
cathodic surface outside of the crevice. These authors used separate 
external metallic cathodes that were at least 10 times larger than 
metal specimen inside the crevice. These cathodes were sheets of the 
same mild steel exposed the same solution, and electrically connected 
to the crevice assembly. The exposed sides of the cylinder in this 
study serve the same purpose as the exposed sheets of mild steel, 
without the additional complexity of the electrical connections and 
salt bridges. The area ratio between the crevice and the exposed 
external face of the outer cylinder used in this study ·is (exter-
nal/internal) 10/1. This apparatus achieves a uniform circular ere-
vice with an isolated core that may be measured electrically relative 
to an exposed surface inside a single electrolyte containment vessel. 
Turnbu112 9 used a 2mm bulb type glass electrode set in a small 
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cavity in the cover plate of his specimen. This design is vulnerable 
to fouling _by corrosion product build up in the cavity around the 
bulb. Alavil addressed this design defect in his study by • using a 
platinum thimble hydrogen electrode. This electrode is flat faced, 
and may be set into the cover plate of the crevice without leaving any 
artificial cavity.l The thimble electrode avoids secondary cavities, 
but it introduces an unrealistic metal into the crevice, and is diffi-
cult to calibrate after the experiment is complete. The design used 
in this study (Fig. SB) addresses the problems associated with both 
the bulb and the Pt/H electrodes. The design shown in Fig. SB uses a 
simple flat faced glass electrode (Sensorex 450 C electrode is not a 
shielded bulb, but a true flat glass membrane electrode) to measure 
pH. This electrode is easy to c.alibrate and operate,. and does not 
require a separate m·ounting cavity. Figure SB shows that the Sensorex 
450C flat faced glass electrode was held in a 0-Ring seal during the 
test. This seal design prevented oxygen ingress during the test and 
was easy to assemble and disassemble. The easy assembly and disassem-
bly of the 0-Ring seal allowed the calibration of the electrode to be 
checked after the experiment was run. The pH electrode was connected 
to an Orion pH meter with strip chart capability, so that the pH data 
were collected continuously by the strip chart as a function of time. 
After an experiment was completed, the 0-Ring seal was dissassembled 
and the electrode was recalibrated to insure that the -data recorded on 
the strip chart were accurate. pH 4,7, and 10 buffers were used in 
0 
the initial and final calibration of the electrode. At the beginning 
and end of each experiment the measured pH of each of these three buf-
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fers was plotted as a function of the buffer pH for the constant 21 C 
temperature of the lab. A representative calibration curve is given 
in Fig. 6· 
The current measurements26 weret~erformed using Teflon coated wire 
leads that were soldered to the bottom of each of the steel segments 
of the specimen as shown in Fig. SA. The leads extended from the 
steel specimen through a substantial layer of epoxy (used to prevent 
water intrusion into the bottom of the specimen) and out of the speci-
men chamber. By connecting the leads through a Keithley 385 Picoamme-
ter, the current flow between the inner and outer steel segments was 
measured. The Keithley 385 is capable of direct output to a strip 
chart. The use of a picoammeter with direct output to a stripchart 
allowed continuous recording of the current flow from the crevice as a 
function of time. As in the case of the continuous pH measurements, 
changes in current flow were related directly to the time, and the 
wet/dry condition of the sample. Because the exposed area of the 
steel specimen at the center of the crevice does not change over the 
course of a wet dry cycle, all current measurement were reported rela-
tive to the surface area of the circular inner steel segment . 
. 
The potential at the center of the crevice was measured using an 
electrometer. The Ag/AgCl reference in the flat faced pH electrode, 
was utilized as the reference electrode for these potential measure-
ments. The lead from the steel specimen at the center of the • crevice 
was disconnected from the picoammeter, and attached to the electrome-
ter. The reference lead from the pH electrode wa~ also disconnected 
c· 
from the pH meter, and connected to the electrometer. The potential 
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between the reference and the steel segment at the center of the cre-
vice was measured and recorded by hand on the strip chart. A sche-
matic of the connections required for these measurements is • • given in 
Fig. SC. 
The electrochemical measurement apparatus produced strip chart 
data showing the pH, current flow, potential, and wet/dry condition of 
the sample as a function of time. These data will be presented in a 
variety of formats in the DISCUSSION section of this report 
Impedance Measurement Apparatus 
The electrochemical measurements collected from the • specimens 
described • 1n the • previous section were extremely useful, but they 
~ offered no insight into the rate of the electrochemical reactions • 1n 
the crevice. The electrochemical measurement experiments also 
required series processing; only one. experiment could be • 1n progress 
at one time. The AC impedance technique allowed rate information to 
be collected from the crevices in a parallel mode and thus more than 
one sample could be studied concurrently. 
The specimens designed for use with the alternating current impe-
dance spectroscopy technique utilized the same geometric configuration 
as the previous two types of experiments. The materials and assembly 
techniques for the AC impedance specimens were consistent with the 
techniques described in this report. The AC impedance measurments 
were performed on the type of • shown • Fig . 7. The so specimen 1n mm 
diameter • • this • formed betw;ee'i-1, a circular crevice in case is cover 
,/ 
plate and a flat epoxy mount containing the two cylindrical steel 
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electrodes. This flush mount maintains geometric consistency with the 
earlier specimens without the complexity inherent in analizing the 
exposed sides of the sample. Teflon coated wires were soldered to the 
back of each steel electrode and submerged in the casting epoxy. This 
configuration prevented water intrusion along the Teflon wire to the 
steel electrodes. These samples were assembled using the shim proce-
dure described in the discussion of Dimensional Change specimens. In 
this case the cover plate was brought into contact with the fixed 
steel segments in order to insure parallel conditons in the crevice. 
The simplicity of these specimens allowed a wide range of gap sizes to 
be studied. Impedance measurement samples with gaps from 2.3 mm to 
0.02 mm (90 to 1 mils) were studied. 
The specimens were subjected to wet/dry cycles of varying dura-
tion. 
\ 
During a wet cycle, the chamber above the specimen was filled 
with electrolyte. A syringe or vacuum was used to insure the • crevice 
was completely wet. The specimen was dried by simply pouring off the 
electrolyte in the chamber, and placing the entire apparatus in a 98% 
humidity chamber. Again, trapped electrolyte was present in the cre-
vice during the "dry" portion of a cycle. 
During these wet/dry cycles, the two leads from the steel elec-
trodes were shorted out in order to provide a connection between the 
outside, and inside of the crevice. At arbitrary intervals the speci-
mens was connected to the AC impedance measurement system. The AC 
impedance measurement system consisted of the following equipment; 
1) Princeton Applied Research (PAR) Model 368 System Software 
2) PAR Model 178 Electrometer 
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3) PAR Model 173 Potentiostat/Galvanostat 
4) EG&G Brookdeal Electronics PAR 5208 Two Phase Lock in Analyzer 
The specimens were connected to this apparatus using the two elec-
trode configuration. The leads from the steel electrodes were con-
nected to the computer controlled potentiostat. The PAR Model 178 
electrometer was then connected to the lead from the outer steel seg-
ment in order to allow the outer electrode to act as a reference. In 
this configuration measurements were performed without having to mount 
a reference electrode in the crevice. 
A 5 mV alternating signal was superimposed on the free • corrosion 
potential of the • specimens in all of the experiments . The lowest 
frequency studied was 0.001 Hz. One data cycle was used at this low 
frequency in order to allow data collection in a reasonable time 
period. 100,000 Hz was the highest frequency used • in all of the 
experiments; five data cycles were used to collect data. 
Data were collected in the Bode, Nyquist, and Randles plot for-
mats. The data were manually evaluated for values of polarization 
resistance, solution resistance, and capacitance. 
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RESULTS AND DISCUSSION; 
The three types of experiments described in the Procedure section 
of this report produced a wide range of data. The significance of 
these findings will be discussed individually and then related to each 
other in order to explain the phenomenon of carbon steel crevice corro-
• s1on. It must be noted that all of the trends and results reported 
here apply to crevices with uniform circular geometry and an outside 
diameter of approximately 50 mm. The behavior of. large multiple cre-
vices in structures such as bolted bridge connections may or may not 
relate to the observations made irJ~~~~tudy. As mentioned earlier in 
this report, extreme caution must be exercised when • crevice • corrosion 
results are applied to radically different systems. 
Photographic Record 
The techniques used in the dimensional change measurement exper-
iment were discussed in the Procedure Section of the this report. 
i;', 
Experiments were performed with three different electrolytes: 3% NaCl, 
pH 4.5 H2S04, and distilled water. The specimens were all subjected to 
wet/dry cycles consisting of four days wet, followed by one day dry. 
,, The first type of data collected from the dimensional change exper-
lJ 
iments was a photographic record of the corrosion product build-up • in 
the crevice. The photographs were taken continuously at known time 
intervals. Fig. 8 is composed of selected slides from the photographic 
.. 
record of a 0.30 mm (12 mil) crevice corrosion specimen in the 3% NaCl 
electrolyte. The seven photographs shown in Fig. 8 were selected from 
the hundreds taken over the course of the experiment because they are 
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A) 2 hours into the initial wetting cycle. No bulk corrosion product 
B) 99 hours specimen in the process of drying 
Fig. 8 Selected representative photographs of a 0.30 mm (12 mil) 
crevice subjected to 4/1 (wet/dry) cycles in 3% NaCl. Top 
view of crevice through the clear cover plate. 
tion 2x. 
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C) 114 hours specimen showing bulk product ridges in the crevice 
D) 118 hours specimen completely dried 
Fig. 8 Selected representative photographs of a 0.30 mm (12 mil) 
crevice subjected to 4/1 (wet/dry) cycles in 3% NaCl. Top 
view of crevice through the clear cover plate. Magnifica-
tion 2x. 
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E) 132 hours specimen rewet with fresh 3% NaCl solution . 
•. - .J 
~ :.·..,. 
·, 
F) 683 hours the corrosion product ridges increase 
in nwnber and thicken 
Fig. 8 Selected representative photographs of a 0.30 mm (12 mil) 
crevice subjected to 4/1 (wet/d~y) cycles in 3% NaCl. Top 
view of crevice through the clear cover plate. 
tion 2x. 
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G) 936 hours corrosion product has packed the crevice. 
No further changes in the crevice were visible. 
Fig. 8 Selected representative photographs of a 0.30 mm (12 mil) 
crevice subjected to 4/1 (wet/dry) cycles in 3% NaCl. Top 
view of crevice through the clear cover plate. 
tion 2x. 
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so representative of the observed stages of corrosion product evolution 
I 
in a 1018 steel crevice subject to 3% NaCl electrolyte. The stages in 
the development of the corrosion products observed in Fig. 8 were also 
observed in all of the other types of experiments performed in this 
study that used the 3% NaCl electrolyte. 
After the initial wetting stage shown in Fig. 8 A there • 1s no 
apparent build up of bulk corrosion product in the crevice. The dull 
gray caste on the sample developed very rapidly after the electrolyte 
was introduced into the crevice, and did not change over the course of 
the four-day wetting cycle. The sides of the steel • specimen were 
exposed to the electrolyte over this same period and did evolve a visi-
ble quantity of bulk "red rust".24 
The bulk corrosion product appeared 
first drying cycle as shown in Fig. 8 B. 
• 1.n 
The 
the crevice during the 
liquid in td- crevice did 
not evaporate out of the crevice uniformly. The electrolyte retreated 
' ' 
in discrete stages or steps, instead of a uniform smooth drying. The 
stages were easily observed through the plexiglass cover plate, because 
each drying step left a visible ridge of bulk corrosion product at the 
prior electrolyte atmosphere interface. This effect is most apparent 
.. 
if Fig. 8 Bis compared to Fig. 8 C, which was taken 15 hours later in 
IL,-) 
the drying cycle. 
Fig. 9 shows a SEM micrograph of one of these corrosion product 
ridges. To produce the images in Fig 9 a specimen with the same gap 
setting as the specimen shown in the series of optical images was dis-
assembled. The crevice steel segment was then rapidly placed in vacuum 
to remove the water and prevent excessive general atmospheric corro-
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Fig. 9 A 
( 
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f., 
SEM photograph of carbon coated • corrosion 
product ridges, from a 3% NaCl trial with an 
. 
initial gap setting of 0.30 mm (12 mils), sec-
ondary electron image, magnifi.cation 40x. 
J 
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Fig. 9 B SEM photograph of carbon coated corrosion 
product ridges from a 3% NaCl trial specimen with an 
• 
initial gap setting of 0.30 mm (12 mils), secondary 
electron image, magnification 400x . 
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sion. After sectioning with a band saw, and carbon coating, the speci-
men was placed in the ETEC SEM. The image was collected in the second-
ary electron mode. The corrosion products shown in Fig. 9 formed into 
two rows around an active central region. The activity of this central 
D 
region was confirmed by SEM examination of the same specimen after the 
corrosion product was removed. The SEM image of the specimen with the 
corrosion products removed, Fig 10, shows larger pits in the center 
region of the corrosion product·ridge. With pits in the center of a 
large stable wall of oxide, this ridge morphology is suggestive of tub-
ercle corrosion.7 The mechanism driving the formation of these ridges 
may be inferred from the results of the electrochemical measurement 
experiments and this photographic record. 
described later in this report. 
The mechanism will be 
The ridges continue to form across the crevice as the drying con-
tinues. Eventually, no liquid is visible in the crevice as shown • in 
Fig. 8 D. The ridges and residual corrosion products have a red/brown 
color. After rewetting, as shown in Fig. 8 E, the corrosion products 
appeared darker. These changes in apparent color were not uniform with 
time, initially an instantaneous darkening of the corrosion product was 
observed as the electrolyte was reintroduced into the crevice. The 
initial da~kening 0 was followed by a gradual change in the color of the 
corrosion products. During the wet portion of the cycle, the pre-
viously red/brown products in the crevice gradually become almost com-
pletely black. When the crevice was dried over the course of the next 
cycle, these black products appeared to turn back to the red/brown 
color. These color changes may be due to the reaction of evolved metal 
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Fig. 10 SEM photograph of a 0.30 mm (12 mil) crevice 
after the corrosion roducts have been removed, second-
• 
ary electron image magnification 20x. · 
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ions with oxygen in the crevice, or due to changes ·in the state 1of the 
already formed corrosion products. 
The changes in appearance of the corrosion products in the crevice 
may be attributed to both optical properties and chemical changes • 1n 
the oxide. The changes in particle size due to hydration and swelling, 
and the changes in refractive indices will alter the appearance of the 
corrosion products upon contact with fresh electrolyte. These simple 
physical optical effects probably account for the rapid color shift 
observed when the crevice is rewet. 
The longer term shift towards the black color of the corrosion 
product was alluded to by Pourbaix23 in his study of carbon steel ere-
• • vice corrosion. Pourbaix discussed the mechanism that accounted for 
the observed color shifts in the iron oxides in terms of oxygen access 
to a corroding crevice.23 His use of controlled aeration in the ere~ 
vice is analogous to the use of wet/dry cycles in the present study. 
Pourbaix's accurate control of the access of air to his simulated ere-
vice allowed him to conclude that the black corrosion-product developed 
in the crevice when access to air was inhibited. The mechanism Pour-
baix used to characterize the iron oxides was not described in his 
paper, but he concluded that the black corrosion products were either 
Fe304 or Fe3o4*xHi'o.23 
Pourbaix23 observed that these black oxides appeared red/brown when 
the deaerated • crevice was subjected to atmospheric oxygen . Pourbaix 
again did not explain his evaluation technique, but he determined that 
the red/brown corrosion products were Fe(OH) 3 . C He observed that this 
product formed "at the outer layer of the previous corrosion products", 
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and was not clear as to the mechanism responsible for these different 
colored oxides.23 The following reactions from Pourbaix's paper 
explain this black to red/brown corrosion product color shift after 
aeration in terms of both oxide conversion and the formation of new 
corrosion product from the continuously evolving metal ions in the cre-
vice·23 , 
• 
Fe304 + 5 H20 ---> 3Fe(OH)3 + H+ + e-
Fe++ + 3 H20 ---> Fe(OH)3 + 3H+ + e-
These reactions predict that the color change is accompanied by the 
formation of H+ ions in the crevice. Applying Pourbaix's model to the 
present study, it may be inferred that during the drying portion of a 
cycle, when the corrosion products in the crevice are in contact with 
air, acid will be generated in the crevice. This acidification during 
drying was observed in this work and will be discussed later. 
The color shifts during wet/dry cycling continued over the course 
of the experiment and were accompanied by a 
amount of corrosion product in the crevice. 
general increase 
.
,#, 4/ ·,..--
Th\ visible record 
in the 
of this 
build up is represented in Fig. 8 F. The crevice appeared to develop 
more corrosion . p.roduct ridges, and the preexisting ridges apparently 
thickened as shown in the 683 hour photograph, Fig. 8 F. 
Eventually the crevice corrosion products began to appear as a uni-
form glossy black solid that did not visually change with the drying 
cycles. This condition is shown in}Fig. 8 G. The lack of further 
visual changes in this glossy black corrosion product relative to the 
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wet/dry cycling was attributed to the build up of co~osion products in 
. ,, 
·, 
the crevice. After this long time period, the corrosion products in 
the crevice developed an internal pressure. This pressure forced the 
oxides into contact with the uniform smooth surface of the cover·plate .. 
The products actually adhered to the surface of the cover plate as 
determined by post experiment examination. The adhesion of the oxides 
to the smooth cover plate explained the uniform appearance of the cor-
rosion products. It must be noted that although the top view of the 
crevice suggests a solid oxide layer, the impedance and electrochemical 
q 
measurements performed in later experiments demonstrated the corrosion 
products were riddled with pores and defects that allowed electrolyte 
to continue to have access to the active sites in the crevice. The 
advent of the uniform glossy black corrosion product layer did, how-
ever, signal the end of the useful visual information from the ere-
• vice. 
The other electrolytes used in the study, distilled water, and pH 
4.5 H2S04 solution produced very little interesting visual information. 
Both of these electrolytes did not produce enough bulk corrosion prod- . 
uct to fill the crevice. The specimens subjected to both electrolytes 
simply developed an adherent smooth black oxide layer on the steel sur-
face. The oxide changed very little during the course of the exper-
iment, and did not cause any measurable deformation in the • specimens. 
The mechanism explaining this inability to form enough bulk corrosion 
product to deform the crevice will be explained later. 
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Dimensional Change Experiments 
Measuring the pressures that caused the black corrosion products to 
obscure the • crevice in the 3% NaCl trials was the main thrust of the 
dimensional change measurement experiments. The primary variable in 
these experiments was the initial gap setting of the crevice. The pur-
pose of the experiments was to determine if the initial gap setting 
influenced the deformation of the sample. Because the volume of cor-
rosion products from mild steels occupy 2.4 to 4 times the volume of 
the base metal, it was assumed in these experiments that the change in 
dimension of an apparatus would be directly proportional to the amount 
of corrosion occurring in the crevice.16,6 
For one set of experimen·tal trials, . 50 mm diameter specimens with 
initial gaps ranging from 0.03 to 0.5 mm (12 to 20 mils) were subjected 
to the previously described 4/1 wet/dry cycle in a 3% NaCl electrolyte. 
The thickness change measurements for all of these samples are plotted g 
as a function of time in Fig. 11. Similar 25 mm diameter specimens 
were prepared and subjected to the same conditions as the 50 mm diame-
ter specimens in order to determine if an aspect ratio effect could be 
observed. The dimensional change data from these specimens are pre-
sented in Fig. 12. The similarities in the trends, and magnitudes of 
' 
the data shown in Fig.'s 11 and 12 suggest that there is no appreciable 
aspect ratio effect. Fig. 11 also contains the data from the control 
specimen trial described in the procedure section of this report. The 
~ 
control sample was a noncorroding crevice assembly that was subjected 
to the same procedure as the experimental samples. The plot in Fig. 11 
for this specimen shows that the polymeric components of the 
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assembly did not introduce any errors 
dimensional change specimens. 
' 
in the measurement of the 
The orders of magnitude of the changes in dimension of these 
samples were examined analytically in order to calculate the pressures 
caused by corrosion products in the crevice. The maximum dimensional 
change in each experiment was used to calculate the pressures developed 
in the crevice. Knowing that the greatest pressure will be developed 
in the crevice that has the smallest area, and the largest change in 
dimension, the initial gap 0.30 mm.(12 mil), 25mm (1000 mil) diameter 
sample was selected for the sample calculation. Fig. 12 shows that 
.• 
this sample experienced 0.45 mm (18 mil) of dimensional change over the 
course of the experiment. Assuming the load causing this deformation 
was evenly applied to the four rods in the apparatus, and knowing the 
mechanical properties of ARYCAL, the following model was developed; 
no yielding ..__----.-1::=:==::::;, 
Mechanical Model of Cell (Fig 4) 
spring analog------~ 
E of ACRYCAL rods - 2.9 Gpa 
E of steel is app'rox~mately 220 Gpa, so the assumption of no defor-
mation in ·the steel sample was made.10 
Hooke's Law o - E e 
F - E * E * 4*A 
F - 2.9xl09 * 0.45/50 * 4*7.lxlo-5 
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F - 7.4x103 N 
Pcrevice - F/Acrevice 
P - 7.4x103 / 4.9xlo-4 
P - l.5x107 Pa 
. 
The pressure developed in this worst case analysis was used as a 
basis for comparisons with results derived from other studies of corro-
sion product induced deformation. Fisher and Pense6 in their analysis 
of the Mianus river bridge failure reported maximum • crevice pressures 
near 2000 psi. Brockenbrough3 also measured crevice pressures between 
1500 and 2000 psi. Converting the results from the calculation • given 
above to English units produces a value of 2.lxl03 psi. in the crevice. 
This value is a maximum, and does provide a good correlation with these 
previously reported results. The conclusion may be reached that cre-
vice corrosion products can exert up to l.7x107 Pa of pressure on an 
experimental crevice. 
The results shown in Figures 11, 12 for dimensional changes over 
the course of 2500 hours show that there is a distinct change in the 
rate of corrosion product induced pressure over the course of the 
• experiment. Comparing the instantaneous slopes of the data curves • 1n 
the early (<1000 h) period, with the same curves at the end of the 
·experiment (2500 h) it is apparent that the rate of corrosion product 
build up in the crevice is more rapid in the first 1000 hours of the 
experiment than in the next 1500 hours. This effect may be explained 
by referring back to the photographic record of the crevice corrosion 
in the crevice. Referring to Fig. 8 A through G, it is apparent that 
after the first 1000 hours the crevice becomes packed with enough cor-
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rosion product to prevent visual assessment of the corrosion in the 
I 
• crevice. This correlation between the advent of a crevice packed with 
corrosion product, and a decrease in the rate of dimensional changes in 
the • specimens • lS significant, and has been observed by others. In a 
study related to the impedance measurement of a porous magnetite film 
on carbon steel, Macdonald described the accelerated corrosion in the 
< 1000 hour time frame with the term "autocatalytic • corrosion pro-
cess". 16 
The mechanism for the slowing of the dimensional change is inhi-
bited electrolyte transport through the corrosion product filled ere-
• vice. This effect is difficult to measure, because the carbon steel 
corrosion products are porous. Depending on the local densities of the 
corrosion products, and the original gap setting, the transport 
restrictions will vary. This effect was studied on a more quantitative 
basis in the impedance experiments. 
HertzberglO in his discussions of solids and statistics reviewed an 
experiment performed by Leonardo da Vinci that demonstrated the chance 
of finding a defect in a component is proportional to the size of the 
component. This was described as the "size effect" where the chances 
' 
of finding severe defects increased with the volume of material stu-
died.lo Although Hertzberg was discussing mechanical fracture proper-
ties, the statistical premise may be applied to understanding varia-
tions in the transport restrictions in the crevice as a function of the 
initial gap setting. For the case of the complex iron oxides filling 
the crevice in this study, the chances of the corrosion products build-
ing up uniformly (without defects) will be greatest in the specimens 
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that require the least oxide to fill the crevice. lThe larger the ·ini-
tial gap setting, the greater the volume of oxides required to fill 
the crevice. Within this larger volume, the probability of finding 
defects that will ease mass transport restrictions increases. This 
probability theory leads to the conclusion that the chances of a cre-
vice with a small initial gap specimen filling with a layer of corro-
sion product that completely inhibits transport are much greater than 
the chances of a large crevice becoming filled with a completely 
restrictive layer. Because the smallest gap specimens have the great-
est chances of building up a severely mass transport restricting defect 
• 
free layer of corrosion product in the crevice, it may be expected that 
dimensional change plots for these specimens will show an asymptotic 
trend in the dimensional change as a function of time. Examining the 
smaller gap crevices shown in Fig 12, this trend is apparent. None of 
the crevice specimens with initial gap settings below 0.25 mm (10 mils) 
shows a positive slope in the range of 1000 to 2500 hours. Because the 
,gt? 
restrictions~created by the corrosion product layer will effect • res1s-
tance in the crevice, the impedance results will be used to quantify 
this result. 
This explanation of the decreasing rate of the dimensional changes 
experienced by all of the samples may be used to introduce the discus-
sion of relative rate of the changes in dimension as a function of ini-
tial gap. It is ~arent from Figures 11 and 12 that the dimensional 
,....__ 
changes experienced bf'fhe samples with a large initial gap setting, 
~' .... ,. . 
0.56 mm (22 mil), were almost the same as the dimensional changes 
experienced by the small 0.02 mm (1 mil) gap • specimen. The data. • 1n 
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Fig. 13 show thajt the greatest change in d~_~ension of the specimen 
·, 
holder assemblies at both 1000 and 2500 hours occurs in the • specimens 
with gap settings between 0.25 and 0.35 mm (10 - 15 mils). For the 
data collected at 200 hours the maxima occurred in the specimens with 
smaller initial gap settings. 
The • maximum in the plot of the)200 hour data is related to the 
ability of the smaller gap crevices to fill with corrosion product very 
quickly. This effect was caused by the wet/dry cycles experienced by 
all of the specimens during the early phases of an experiment. Unlike 
a fully wet experiment in which the initial crevice gap controls the 
volume of electrolyte and the amount of oxygen in the crevice, the dry-
ing cycles applied to the samples in this study ensure that atmospheric 
oxygen has access to the crevice. During an initial drying cycle, the 
electrolyte in the largest and the smallest crevices evaporate away. 
The drying of all of the different gap settings means that each crevice 
has the same oxygen access, and a similar corrosion rate. These drying 
cycles ensure that until the crevice fills with corros·ion product, all 
specimens experience identical conditions of oxygen access. This uni-
form oxygen access leads to a uniform • corrosion rate • 1n the early 
stages of all of the experiments. Because a uniform corrosion rate 
' 
will fill the smaller gap specimens first, it is apparent that they 
would be the first to exhibit measurable deformation. These small ere-
vice gap specimens are also the first to • experience the transport 
restrictions described above. These smaller specimens fill with corro-
' 
sion product first, but then • experience transport restrictions that 
limit further crevice corrosion. 
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·, 
If the carbon steel crevice corrosion phenomenon was simply based 
on the time it takes for corrosion product to fill the crevice volume, 
why do the 0.25 - 0.35 mm (10 - 14 mil) specimens maintain the greatest 
dimensional changes at both 1000 and 2500 hours (See Fig. 13)? Why do 
the larger gap • specimens, 0.55 mm (22 mil) not fill with corrosion 
product and overtake the smaller gap 0.30 mm (12 mil) specimens as they 
begin to suffer mass transport restrictions in the crevice? 
One factor in answering these questions was suggested by an appar-
ent inconsistency in the data shown in Fig. 12. Noting the data 0 
points at 600 and 800 hours for the 0.30 mm (12 mil) specimen it is 
apparent that the specimen experienced a negative slope in the dimen-
sional change plot. Over this time interval something caused the meas-
ured specimen assembly to start contracting. This effect was obse,rved 
to a lesser degree in other specimens and can not be attributed to 
measurement error. These relaxations in the specimen can be directly 
related to the observed morphology of the corrosion packout. 
Fig. 8 shows formation of corrosion product ridges inside the ere-
vice during drying cycles. The SEM figure showing the ridges (Fig. 9) 
can be interpreted to predict a mechanism for producing the negative 
slopes in the net dimensional change versus time plot. The tubercle 
-like ridges ·grow preferentially away from the steel surface, or 
directly toward the crevice cover plate. These ridge type tubercles 
contact the upper surface of the cover plate quickly, and start to 
exert pressure on the crevice cover plate. The magnitude of these 
forces is dependent on the mechanical properties ofithe corrosion prod-
uct ridges. The oxide types, amount of .absorbed water, salt content, 
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porosit:y, and many other factors affect the mechanical properties of 
the tubercle 1~ ridges. It is well known that iron oxides are strong 
in compression, but quite brittle.6 
The observed relaxation in the specimen may be accounted for by the 
following series of events. The strong brittle ridges of • corrosion 
product build up quickly, and start to deform the assembly. A slight 
vibration, or disturbance from electrolyte flow during wetting (perhaps 
from handling during measurement) causes a brittle failure in the tub-
ercle wall. The elastic properties of the assembly draw back on the 
collapsed corrosion product ridges and cause the apparatus to experi-
ence a net decrease in dimension. As these building/collapsing cycles 
continue, the debris from the collapsed tubercle ridges, as well as 
newly formed ridges eventually fill the crevice and promote apparently 
more uniform corrosion product induced dimensional changes. This 
growth/collapse mechanism explains why negative dimensional changes can 
be observed, and it points out why large crevices do not create severe 
dimensional changes in the assembly. 
For large crevices such as the 2.3 mm (90 mils) specimen run as an 
impedance measurement experiment, the observed ridges did not have a 
chance to fill the crevice. The tubercle ridges grew away from the 
steel and in the case of the 2.3 mm crevice they never reached the ere-
vice cover plate. During the wetting cycle, the fresh electrolyte 
flowed into the crevice and proke away the brittle corrosion product 
ridges before they ever reached the cover plate. The sweeping away of 
these formations before they reached the cover plate effectively pre-
vented crevice corrosion in these larger gap samples. This effect can 
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( be observed in the characteristic impedance results and will be used to 
.... ~ ...... 
explain the critical gap for crevice corrosion in this geometric con-
figuration. 
The significant deformation of the specimens with intermediate gaps 
ranging from 0.25 to 0.35 mm (10 to 14 mils) may be explained as a 
trade off between two conflicting effects in the crevice. The small 
crevices have so little volume that they quickly fill with enough 
corrosion product to inhibit electrolyte transport into the crevice 
zone. The transport restrictions created by the corrosion product 
packout slow the rate of additional crevice corrosion. The large cre-
vices offered little support for the fragile corrosion product ridges. 
The ridges were destroyed before they filled the crevice gap. The cor-
rosion pr~ducts in the larger gap specimens simply could not create 
pressure in the crevice. Intermediate gap specimens filled with enough 
corrosion product to deform the sample but the corrosion product ·layer 
was still thick enough to be riddl_ed with defects. These defects pro-
vided paths for electrolyte to travel through the oxide to the active 
sites at the metal surface. These observations will be confirmed in 
the review of the AC impedance data. 
t' 
Electrochemical Impedance Spectroscopy 
The electrochemical impedance spectroscopy technique was utilized 
in this study to quantify some of the observed crevice corrosion 
results. Many of the results derived from the electrochemical impedance 
technique help explain the observed behavior of the dimensional change 
measurement specimens discussed section, and the the • 1n • previous 
results from the electrochemical measurement experiments discussed in 
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the next section of this report. The imped.ance technique has been used 
previously in the study of coatings, reaction rates, and complex sys-
tems such as rebar in concrete.16,18,22 This study will apply accepted 
interpretations of the impedance results, derived from these other 
techniques, to the study of mild steel crevice corrosion. 
It was noted previously that the distilled water and pH 4.5 H2S04 
.. 
electrolytes produced little attack in the crevice relative to the 3% 
NaCl. The pH 4.5 sulfuric acid and the distilled water electrolytes 
were determined to be less aggressive because they did not promote the 
formation of bulk corrosion product in the crevice. Figures 14, 15 and 
16 show data from three geometrically similar specimens with intermedi-
ate initial gap crevices that were subjected to distilled water, 4.5 pH 
sulfuric acid solution and 3% NaCl solutions respectively. The data in 
each figure were collected after the first drying cycle at an elapsed 
time of approximately 140 hours. This time frame was selected in order 
to avoid interpreting fluctuations in the response of the cell • assoc1-
ated with the initial wetting cycle. The behavior of the distilled 
water and 4.5 pH sulfuric acid trials shown in these early times were 
remarkably consistent over the entire duration of the experiment. The 
behavior of the samples exposed to 3% NaCl changed radically over time 
and will be discussed later in this section. 
Examining Figures 14, 15, & 16 the similarities in the response of 
the distilled water and pH 4.5 sulfuric acid trials is apparent. The 
log [Z] component, and the phase angle data for both electrolytes show 
a flat response from 0.001 Hz to 1000 Hz. It is well known that a flat 
response in the log [Z] data associated with a flat O degree phase 
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Fig. 16 Impedance data from a 0.30 mm (12 mil) initial gap specimen 
subjected to 4/1 (wet/dry) cycles in 3% NaCl solution 
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angle shift is repr~8-entative of a pure resistor9 This means the 
sample behaves as a pure resistor when subjected to low frequency 
cycles. Above 1000 Hz the specimens begin to show a decrease in the 
real component (Log [Z]) and a corresponding decrease in the phase 
angle to approximately negative 90 degrees. The negative 90 degrees 
phase angle is indicative of a purely capacitive· system. 9 This 
description of the shapes of the two curves is accurate even though the 
magnitudes are different in each electrolyte. Notice the distilled 
water low frequency resistance (low frequency resistance is a measure 
of all of the resistors in the system, assuming capacitors are fully 
charged) was 307,000 0, while the pH 4.5 sulfuric acid resistance was 
92,3000. This factor of three difference in the resistance of these 
solutions from identical geometries 0.37 mm (15 mil) is due to the 
greater conductivity of the sulfuric acid solution. The lower resis-
tance in the pH 4.5 sulfuric acid trial signifies that the interelec-
trode charge transfer resistance and the transfer resistances at the 
electrodes are lower than the same resistances in distilled water. The 
specific magnitudes of the local resistance changes are difficult to 
separate because each resistance would be different in the two electro-
lytes. 
The greater magnitude of the phase angle shift in the distilled 
water experiment relative to the pH 4.5 sulfuric acid trial shows the 
. 
oxide coating produced in the distilled water is more capacitive than 
the coating produced in the pH 4.5 sulfuric acid. This result may be 
explained by the presence of aggressive ions in the pH 4.5 sulfuric 
acid. The oxide formed in the acid solution • 1S continually reacting 
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with the H+ ions in the solution. These interactions promote the for-
mation of defects in the oxide which decrease the ability of the coat-
ing to support a charge separation. 
It • is the formation of these capacitive oxide layers on the elec-
trodes in the crevice that explains the observed inability of distilled 
water and pH 4.5 sulfuric acid electrolytes to promote the development 
of bulk corrosion product in the crevice. The oxide layer and charge 
transfer resistances in both of these systems are so high that they 
limit the galvanic effects that occur between the interior and exte-
rior of the crevice. 
Interpretation of these results in terms of an ideal circuit ele-
ments is related directly to the observed formation of a smooth adher-
ent oxide on the surfaces of the samples in both distilled water and pH 
4.5 sulfuric acid solutions and the geometry of the • specimens. The 
~ 
impedance measured in these experiments may be described in the follow-
ing terms relative to the geometry shown in Fig. 7. The outer • ring, 
which is more exposed to oxygen from the bulk solution than the core 
cylinder electrode, has both a resistance term associated with charge 
transfer and a capacitive term associated with the oxide on the sur-
face. There is a purely resistive component associated with the pas-
sage of current through the insulated gap between the two electrodes. 
(Note, the insulating components of the assembly were assumed to be 
perfect in this model, so no charge transfer through the epoxy or the 
ACRYCAL is considered in this analysis.) Finally, there are both resis-
tive, and capacitive components of the response at the isolated central 
cylindrical core. Combining the resistive and capacitive elements • in 
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this array leads to a circuit model containing a resistor in series 
with a parallel combination of a resistor and capacitor. The impedance 
responses from two simple electronic circuits are shown in Fig. 17. 
The more complex model Fig. 17 B will be discussed first. Later the 
significance of ·Fig. 17 A i·n terms of Fig. 17 B will be presented. 
This circuit model has been sketched in Fig. 17 B. Fig. 17 B also has 
an example of the response of such a circuit, fabricated from elec-
tronic components, on the Lehigh University EG&G AC impedance appara-
tus. J Catino in 1986 collected the plots shown in Fig. 17. 
The similarities between Fig. 14, 15 and Fig. 17 B show that the 
sketched circuit model is an accurate representation of the system. 
Through careful manipulation of the resistors and capacitor shown in 
Fig. 17 A the observed results from the distilled water and pH 4.5 sul-
furic acid trials could be duplicated in the ideal model. This model 
confirms the observed inability of these electrolytes to form bulk cor-
rosion product in the crevice. The model approximates a simple coating 
that would be expected to prevent bulk corrosion product evolution.17 
Comparing the data in Figures 14 and 15 with the data from the 
geometrically similar 0.30 mm (12 mil) specimen subjected to 3% NaCl 
shown in Fig. 1.6 the radical differences in the response are obvious. 
The log [Z] component from the 3% NaCl trials is less than 1/10 of the 
magnitude of log [Z] data from the pH 4.5 sulfuric trial. The phase 
angle curves are also radically different. The 3% NaCl data are not 
dominated by the large resistive region seen in distilled water and pH 
4.5 sulfuric acid. There is also no frequency range over which the 3% 
NaCl trial data become totally capacitive. The phase angle of the data 
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Fig. 17 Impedance responses from circuits fabricated from elec-
tronic components (J Catino 1985) 
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from the 3% NaCl trials was only approximately -60 degrees, not the -90 
degrees that would be expected for a perfect capacitor. Thus, the 
oxide layer formed in this case is far less capacitive than the oxide 
layers formed in either the distilled water or the pH 4.5 sulfuric acid 
and must contain more defects. 
These differences in the magnitude and characteristics of the data 
obtained in the 3% NaCl signify that this system is subject to a dif-
ferent model than the simple capacitor resistor array shown • Fig . 17 1n 
B that was used to explain the distilled water and pH 4.5 distilled 
water trials. 
·" The 3% NaCl specimens, in the range ~ver which corrosion products 
can pack up in the crevice, all demonstrated similar changes in the 
impedance response. These changes will be discussed relative to one 
set of representative data and the key parameter of solution resistance 
will be presented for a range of initial gap settings. 
The data to be discussed are presented as a set of two plots in 
Fig. 18 A, and B. These figures contain nine individual sets of data 
from a sequential series of identical trials performed over the course 
of approximately 1500 hours. The specimen had a 0.30 mm (12 mil) gap 
and was subjected to the 4day/lday wet/dry cycle. All measurements 
were performed after the sample had been wet for at least four hours in 
order to avoid the fluctuations caused by rewetting. 
G 
The analysis of these curves requires some form of model to assist 
in understanding the observed changes in the characteristics, and mag-
nitudes of the data shown in Fig. 18. There are a number of models 
that could be used to interpret the observed data. Oltra and Keddam22 
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described the use of the impedance technique in the study of stress 
corrosion. cracking and pitting. They proposed a transmission line 
model for the stress corrosion crack that may be rationalized for use 
in the case of a corroding crevice or for a built up layer of corrosion 
product on carbon steel. The transmission line was also discussed as 
a model for mild steel covered with a layer of corrosion product by 
Macdonald. 17 Both of these cases provided the best starting point for 
the development of a mild steel crevice corrosion system impedance 
model. 
Macdonald's17 study addressed the issue of bulk corrosion product 
build up more thoroughly than Keddam and his development will be used 
as a basis for the study of 3% NaCl/mild steel crevice corrosion sys-
tem. Macdonald17 studied the development of magnetite crystals in the 
high chloride ion region near the annulus· of a tube sheet. The cir-
cuit model developed for this case was based on -active sites with a 
capacitive and resistive component at the tip of a corroding crevice. 
The active site is separated from the bulk solution potential by a long 
conducting path through the electrolyte filled pores that formed in the 
crystalline magnetite layer. The current passing through the pore 
leaks out through the sides of the magnetite pore in the same way cur-
rent leaks from a long transmission line. Macdonald did not account 
for all of the crevice effects in his model. The effect of the limited 
volume on mass transport and the effect of having to pass current from 
one electrode to another through a porous electrolyte saturated oxide 
layer were ignored. The circuit diagram for the transmission line 
model according to MacDonald17 is presented in Fig. 19 A. The accompa-
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Fig. 19 Circuit diagrams for impedance transmission line model 
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nying mathematics are arduous, so for clarity, a simplification of the 
transmission line model provided by Mansf4i-dl8 has been included as 
Fig. 19 B. 
Mansfeld's transmission line element was understood to be only one 
of an unknown number of such elements connec.ted in either series or 
parallel.18 These elements are combined to create the overall circuit 
t 
model for the system. The characteristics of the early time (0 hour) 
data shown in Fig. 18 that suggest a transmission line model are; the 
lack of sharp corner frequencies at the transitions in slope, and the 
less than purely capacitive response at an intermediate frequency. Cor-
ner frequencies occur when horizontal resistive regions of an AC impe-
dance Bode plot experience a change in slope. The ideal corner 
frequency • lS estimated by the intersection of the extrapolated line 
from the transition slope and the line from the resistive region. The 
-solid lines in Fig. 14 show the geometric estimation of this ideal cor-
ner frequency. The data in Fig. 18 show a range of frequencies over 
which this slope transition occurred. 
The most capacitive phase angle shown in Fig. 18 B occurred at a 
frequency of 0.15 Hz, and had a magnitude of -58 degrees. This point 
" 
corresponded to a transition slope in Fig. 18 A of -0.635. This slope 
occurred between two resistive regions, ther low frequency resistance 
was 6500 0, and the high frequency resistance was 12 0. Assuming the 
transmission line model is effective, it should be able to explain the 
changes in the observed data shown in Fig. 18 as a function of time. 
The next two series of time intervals shown in Fig. 18, 18 and 142 
hours may be discussed together, because they maintain the same basic 
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characteristics as the time O data. The slightly capacitive behavior 
at intermediate frequencies, and resistive behavior at high and low 
frequencies is still apparent. The high frequency resistive behavior 
shown for the three sets of data between O and 142 hours shows virtu-
ally no change in solution resistance. The lack of major changes in 
the impedance response in the first 142 hours of the study was expected 
given the minimal dimensional arid visual changes observed in crevices 
with this initial gap. The low frequency region over this same time 
interval exhibited a more substantial decrease in resistivity. At an 
elapsed time of 142 hours the low frequency resistance is 2800 0, less 
than 50% of the time O resis~ance of 6500 0. This value represents the 
combined resistances in the system. Because the solution resistance 
term did not change over this time interval, the pore, transfer, or 
leakage resistance must have fallen. Recalling the observed develop-
ment of active· sites in tubercle like ridges during the first drying 
cycle (occurred in this experiment at 96 hours), it may be assumed that 
more active sites decreased these resistances. The formation of a nurn-
her of active pits through the oxide during the first drying cycle 
increased the area of the pores in the oxide and decreased the net pore 
resistance. Or, as described by Macdonald;17 
Ps=pore solution resistivity 
., .. 
. •' 
8i>ore = Ps * n *l/ (l-9) * A 
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n - number of pores 
e- area~covered by oxide 
A - area of oxide 
1 - oxide thickness 
The observed increase in the number of pores (n) without a major 
increase in the thickness of the bulk oxide in the crevice will 
decrease the net pore resistance.22 Notice above that as n • increases, 
the area covered by the oxide term increases by a factor of the pore 
area. The observed increases in the size of the pits in the tubercle 
like ridges decreased the area covered by oxide and also decreased the 
resistance of the pores. Assuming the corrosion product ridges formed 
in this early stage do not effectively inhibit the conductive path 
through the • crevice, the observed results from these trials are 
explained using the impedance model. 
The data collected at the elapsed time of 236 hours shows signifi-
cant changes in the characteristic shape and magnitude of the Bode 
plots. The 236 hour data in Fig 18 A show a decrease in the high 
frequency solution resistance and a decrease in the magnitude of the 
low frequency resistance. It must be noted that the low frequency 
region may no longer be classified as purely resistive. The log [Z] 
curve has a slight, but definite, slope in this region. The lack of a 
' flat region at 0,001 Hz is confirmed by the 236 hour data in Fig. 18 
B. Notice that the phase angle plot at 236 hours shows no distinct 
minimum. The phase angle data only show resistive behavior at higher 
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frequencies: at the lower frequencies, the phase angle approaches -45 
degrees. 
Interpretation of these observed shifts in the data at an elapsed 
. 
time of 236 hours requires applying the observed changes in the ~irev.ice 
to the transmission line model. The decrease in the solution resis-
tance is difficult to explain. Macdonald in his study of porous mag-
. netite .corrosion products did however observe a similar effect. Macdo-
naldl7 felt the build up of Fe++ ions in the active pits in his system 
demanded electroneutrality and chloride was drawn into the pores in his 
system. In the pores, this higher ionic content decreased the solution 
• 
resistance. Macdonald did not prove this assertion, but pointed out 
that the resulting solution would experience hydrolysis reactions and a 
decrease in the pore pH. The hydrolysis reactions in the crevice were 
confirmed in this study, and will be discussed later. 
This decrease in the solution resistance must be a transient 
event. The data in Fig 11 show that as the crevice experiences the 
high corrosion rates associated with a decrease in the solution resis-
tance, the corrosion products begin to fill the crevice and start to 
impede passage of the, electrolyte. The high slopes of the data curves 
in the early time intervals shown in Fig. 11 show this aggressive cor-
• ros1on. As this corrosion proceeds, later time intervals show lower 
slopes. The decrease in the rate of dimensional change as a function 
of time, represents an decrease in the rate of corrosion in the cre-
vice. The decrease in corrosion rate is related to the measured solu-
tion resistance in the crevice. At an elapsed time of 236 hours the 
-91-
,,., ·,, f, ,,,.•· • 
1'• '• I ' 
solution resistance in the crevice is 5.3 Ohms. This value is 1/4 of 
the • time 0 solution resistance in the crevice. Later time intervals 
will show this solution resistance increases significantly. 
The analysis of the lower frequency range data at 236 hours • 1S 
based on effects of the porosity of the oxide coating, the current 
carrying characteristics of the oxide, and the polarization • res1s-
tances of the electrodes. Review of the 236 hour phase angle data 
reveals that the minimum in the phase angle observed • 1n the earlier 
trials (0 and 18 hours) is not apparent. Mansfeld18 developed a 
simple technique for evaluating time dependent changes in impedance 
data • using the transmission line model. By taking the time O data 
phase angle data plot from Fig. 18 B, and testing a variety of lateral 
shifts relative to the log of the applied frequency, it is apparent 
that the 236 hour data curve appears similar to the high frequency 
time O phase angle plot. These lateral shift approximations predict 
the phase angle minima shifted towards lower frequencies. This low 
frequency shift places the capacitive minimum in the phase angle plot 
at a frequency below the 0.001 Hz experimental frequency used in this 
study. For this approximation to be valid, this shift in the posi-
tion of the capacitive minima in the phase angle data must be related 
to the real system. 
The transmission line model sketched in Fig. 19 may be used to 
understand the predicted shift in the capacitive minimum to the very 
low frequency range. Each of the arbitrary units in Mansfeld's trans-
mission line model shown in Fig. 19 consist of two possible current 
paths. There is a simple direct resistive path between the two elec-
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trode. Branching from this simple path is_ a parallel resistor and a 
capacitor combination representing the leakage through a coating, or 
• 
an oxide layer. A number of these cells are connected in series and· 
/ 
parallel with the bulk solution resistance and the active charge 
transfer sites. The relative number of parallel and • series connec-
tions of these individual cells that would be required to model the 
crevice is unknown. However, it is known that as more of these ele-
rnents are interconnected the corner frequency ranges will broaden. 
Or, a simple system containing very few simple elements would approach 
the ideal corner frequency behavior described in Fig. 14. Given the 
complexity of the response shown in Fig. 16 it may be assumed the cre-
vice system is an enormously complex array of individual elements. 
' 
For the purposes of this discussion one circuit element of the 
transmission line model will be reviewed in order to interpret the 
causes of the observed shifts in the data. Referring to actual test 
data using the EG&G system and actual circuits fabricated from elec-
tronic components, it is apparent that the observed shift in the data 
caused the transmission line model to approach a circuit consisting of 
a series array of resistors and capacitors. A comparison of the char-
acteristics of the data collected after 236 hours in Fig. 18 with the 
ideal plot in Fig. 17 A confirms that the actual system which was 
originally described by a complex transmission line model has changed 
into a system that may be described by a simple series R, C circuit. 
This change in response may be interpreted in terms of the transmis-
sion line model through adjustment of certain values. The impedance 
formula given by Mansfeld18 may be manipulated to produce the follow-
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ing relationship; 
z1- R/2 + R2/4 + R/ (1/Rc - jwC) ) 
To get this formula to mimic a simple series array of resistors 
and capacitors which are represented by the following formula (circuit 
shown in Fig. 17 A); 
~ 
Z ~ R + 1 / jwC 
It is apparent that Re must be increased. In the Mansfeld formula 
shown above, the increase in Re toward infinite would result in the 
following; 
Z1 = R/2 + R2/4 + R (1/(-jwC)) 
.~ 
This equation • 1S a complex expression that demonstrates how 
increasing one resistance Re shown in Fig. 19 can produce a cell that 
will have some of the characteristics of a series array of resistors 
and capacitors. This analysis is of course a simplification, because 
all of the elements in this circuit will change over time. The model 
simply helps to explain measured impedance data in terms of the 
observed mechanical, visual, and electrochemical changes in the cre-
vice. The increase in Re around 236 hours may be rationalized by 
recalling the progression of visual changes in the crevice. Around 
the 200 - 300 hour time frame, the 0 corrosion products in • crevices of 
this size were observed to start building up to a visible thickness. 
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This oxide build up would increase the resistance of the oxide layer 
and explain the increase in Re that accounts for the observed drift 
in the capacitive minimum in the Bode phase angle plot towards lower 
frequencies. 
The remaining series of data collected at 374, 540, 756, 1000, and 
1424 hours shows consistent trends that may be explained in terms of 
the transmission line model. The phase angle measured at lower 
frequencies trends more towards O in each progressive time interval. 
The associated Bode magnitude data flattens, apparently becoming more 
resistive. The interpretation of the visual data in the photographic 
record in terms of the developed transmission line model explains this 
effect. The oxide products in the crevice continue to • • increase in 
thickness, pushing the Re value in Fig. 19 more toward the infinite 
limit. As Re increases, the capacitive minimum would be expected to 
drift to lower frequencies thus increasing the observed magnitude of 
the phase shift in the log f -3 to 5 range towards 0. 
series of shifts obser·ved in Fig. 18 B. 
This is the 
The high frequency • region over the same series of measurement 
times experienced an increase in resistance, while the phase angle 
data remained relatively constant near O. This increa·se in resistance 
is due to the observed build up of transport restricting oxide in the 
• crevice. The • increase in the resistance in the crevice correlates 
with the visual changes in the crevice, the decrease in the rate of 
dimensional change in the mechanical measurement experiments, and a 
decrease in electrochemical activity in the crevice. 
The most severe dimensional changes occurred in specimens with, 
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initial gap settings around 0.30 mm ( 12 mils). This effect was 
attributed to the inability of a large crevice to fill with • corrosion 
product and the inability of small crevices to remain active. This 
effect was confirmed using the impedance technique on samples with gap 
settings between 2.3 mm and 0.10 mm (90 and 4 mils). The samples were 
all exposed to the aggressive 3% NaCl electrolyte and the 4day/lday 
wet/dry cycle. The measurement technique described above for deter-
mining the solution resistance was uniformly applied to all of the 
specimens. The assumption was made that the solution resistance term 
represented the resistance between the exterior and interior of the 
crevice, and was indicative of the crevice corrosion. 
Fig. 20 shows the solution resistance as a function of time for a 
range of initial gap settings. The time O data from each of the plots 
demonstrates the expected effect of the volume of the crevice on the 
resistance of the solution. The small crevices limit the volume of 
solution available for transmitting current and have demonstrably 
" 
higher resistances than the larger • gap1 crevices . This effect" is 
apparent in the ordering of the values for Rn· 
There was little change in the resistance of the solution in the 
larger gap crevices, 2.3 mm, .77 mm (90, and 30 mils) shown in Fig. 
20. Because corrosion packout was never severe in these largei gap 
crevices the lack of change in the resistance in the • crevice was 
anticipated. The larger gap crevices never built up enough corrosion 
product in the crevice to experience a major change in the solution 
resistance. 
The smaller gap • crevice, 0.1 mm (4 mils) obviously experienced 
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some change in solution resistanc~. Initially the specimen showed an 
increase in the solution resistance in the crevice because of the 
rapid build up of corrosion product. It is apparent that the solu-
tion resistance changes exhibit the same decrease in the rate of 
change that was observed in the measurement of the dimensional change 
• 
• specimens. The resistance initially increased rapidly and then 
remained almost constant for the term of the experiments. 
The 0.30 mm (12 mils) specimen shows the most consistent increas-
ing trend over the course of the experiment. The solution resistance 
did not increase at a great rate in the early time period. The 
increasing trend after 250 hours is significant because it confirms 
the observed ability of specimens with this gap setting to cause sub-
stantial dimensional changes over thousands of hours. 
The fluctuations in the solution resistance terms over the dura-
tion of the experiments are significant and should be briefly dis-
cussed. The specimens were rewet with a soft vacuum technique. These 
wetting technique insured consistent "wet" cycles, but in the process 
destroyed some of the fragile oxide structures in the crevice. These 
changes in oxide structure due to wetting obviously were not uniform, 
and account for the observed fluctuations in the data in the smaller 
gap specimens. The destructive effects of wetting also accounted for 
the already described inability of the larger gap specimens to build 
' 
up appreciable corrosion product in the crevice. The lack of change 
in the solution resistance of the larger gap specimens is due to their 
inability to pack with corrosion product. 
The impedance technique was also used to study the effect of the 
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wet/dry cycle duration on the corrosion rate in the crevice. Three 
specimens with the same 0.10 mm (4 mil) initial gap setting were sub-
jected to the 3% NaCl electrolyte for three different wetting cycles. 
The wet dry cycles used in the experiment were, lday/lday, 4day/lday, 
and 7day/l ·1day. The previous impedance experiment, as well as the 
dimensional change measurement trials demonstrated that these small 
0.1 mm gap specimens experience changes in the crevice corrosion rate 
more quickly than the larger gap specimens. The data for the solution 
resistance for these three specimens over 2000 hours is given in Fig. 
21. 
Fig. 21 shows the wetting cycles are important in determining the 
solution resistance in the first 1000 hours of exposure. Over the 
first 500 hours of this experiment the solution resistance for the 
lday/lday wet/dry cycle rapidly increased. This effect was antici-
pated from the observation in the photographic record of the most 
severe corrosion occurring during the drying cycles. The variation 
between the 4day/lday and 7day/lday wet/dry cycle specimens was less 
distinct. However it does appear the solution resistance for the 4/1 
cycle was slightly greater than the resistance for the infrequently 
dried 7/1 sample. Again the fluctu·ations in the data due to the 
required wet/dry cycling are apparent. After 500 hours, the plots for 
the specimens all trend together at a solution resistance value of 
approximately 125 ohms. The photographic record and the impedance 
observations are consistent. Once the crevice was effectively filled 
with mass transport inhibiting oxide, the electrolyte access to the 
crevice was limited and all of the crevices exhibited a similar solu-
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The data in Fig. 21 unfortunately do not prove conclusively if 
cycles or time are the key factor in the rate of corrosion product 
evolution in the crevice. The number of cycles in the first five 
hundred hours for the frequently wet specimen is seven times greater 
than the number of cycles for the least frequently wet specimen. Yet, 
both of the specimens trend to the same solution resistance value at 
around 1000 hours. The similarity in the three plots in Fig. 21 
after 800 hours suggests the build up of bulk corrosion product in the 
crevice is partially related to the number of cycles, and partially 
related to the absolute exposure time. Separating these two effects 
will require more investigation. However, as the next section will 
show, the drying portion of the wet/dry cycle is significant. 
Electrochemical Measurement Experimental Results & Discussion 
The electrochemical measurement sample described in the procedure 
section of this report was capable of generating continuous data from 
the crevice over 1000 hours. Unfortunately the experiment required an 
enormous amount of time for each trial. Most of the experiments were 
performed using the 3% NaCl electrolyte, however, one trial was run in 
distilled water and one in 4.5 pH sulfuric acid. 
run with a modified 4day/lday wet/dry cycle. 
The trials were all 
The specimens were 
always observed in order to be sure the pH electrode never completely 
dried out. When the pH electrode appeared in danger of drying out, 
the sample would be rewet regardless of the elapsed time of the dry 
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cycle. This arbitrary rewetting was an e.xperimental consideration 
based on the need to calibrate the pH electrode every time it became 
dry. In order to test the characteristics of each cell, the first 
dying cycle was typically carried out earlier than would be predicted 
by the 4day wet/lday dry cycles. The early drying cycle was used to 
test the response of the pH electrode, defective samples were identi-
fied quickly and taken out of service. These experimental consider-
ations required that the dry portion of a cycle be modified as needed 
to prevent complete drying of the pH electrode zone at the center of 
the crevice. As discussed in the impedance section of this report, 
there were significant fluctuations in the data due to the mechanical 
action of the rewetting electrolyte on the crevice corrosion products 
in the • crevice. There are a number of trends in the data that were 
consistent throughout all of the trials. These trends will be dis-
cussed with the aid of representative data. 
The Background section of this paper discussed the findings of 
Alavil, Turnbu1128 and others in terms of the pH • in the • crevice. 
These authors concluded the pH tended to increase into the basic range 
during the experiment. All of the electrochemical measurement find-
ings in this study confirmed this trend. Figures 22 A-C show the pH 
results for the 1000 hours of representative data from this study. 
The curves have been identified as to the initial gap setting of the 
sample, and the electrolyte used. Notice there were no large initial 
gap settings used in this type of experiment. Referring to Fig. 5 A, 
it is apparent that the pH electrode does not actually monitor the 
solution at the steel side of the crevice. The pH electrode actually 
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Fig. 22 C Crevice Solution pH as a function of time 
for a specimen subjected to distilled water. 
reports the H+ ion concentration in the solution above the core elec-
trode. Using a larger gap specimen would complicate analysis of the 
results because the large solution volume that would have to be 
accounted for. 
The increase in the pH for all of these samples has been discussed 
by Alavil and Turnbull28. Both authors felt the cathodic reduction of 
oxygen in the crevice led to the evolution of hydroxide ions. The use 
of the slightly acid pH 4.5 sulfuric acid solution in one of the 
trials in this study added the cathodic reaction of H+ reduction. The 
4.5 pH sulfuric acid solution contained only 9 xio-6 liters of acid 
per liter of distilled water. There were no buffers in the solution, 
so the trial~ run in this solution behaved very much like the dis-
tilled water trials. In the later period of the experiment, the.dis-
tilled water trials actually achieved a lower pH than the sulphuric 
acid solution. These cathodic mechanisms are apparent in the first 
200 hours of the responses of the cells in this experiment. Figures 
22 A-C show that all crevices experienced an increase in the pH during 
the first 100 hours. 
f 
The current flow data for the 0.30 mm (12 mil) initial gap setting 
3% NaCl trial, over the first 100 hours, as shown in Fig. 23, confirms 
the cathodic reactions in the crevice. Notice the initial current 
flow in Fig. 23 is strongly positive. Positive current flows in this 
section were arbitrarily defined as signifying current flow into the 
crevice, or the opposite of crevice corrosion. Similar data for the 
distilled water 0.25 mm (10 mil) trial are presented in Fig. 24. 
Although the magnitudes of the pH and current shifts in the distilled 
# 
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water case are lower than in 3% NaCl, the trends are the same. Fig. 
25 shows similar data from a pH 4.5 sulfuric acid trial. Again the 
current flows are less severe for the less concentrated electrolytes. 
The representative data from these trials show that in the early 
period of the experiment the crevice was not suffering crevice corro-
• SlOn. Electrons were flowing from the core of the crevice to the 
outer cylinder, resulting in crevice protection. This crevice protec-
tion effect was frequently observed to a lesser degree over the course 
of the experiments after the sample had been wet for an extended 
period. 
The discussion of both the Dimensional Change and the Impedance 
Measurement data led to the conclusion that the drying cycle had a 
definite effect on the response of the crevice. The effects of the 
drying cycle may be observed in Figures 23 - 25 by comparing the sym-
bolic dotted lines found at the bottom of all of these plots to the 
current, pH and potential data. The dotted lines represent the con-
dition of the cell. "Wet" conditions occurred when the entire cell 
was filled with electrolyte, "dry" conditions signified removal of the 
bulk electrolyte from the cell leaving electrolyte in the crevice. 
Figures 22 - 25 all show similar trends in the data relative to 
the wet/dry state of the specimen. The beginning of a dry cycle is 
always accompanied by a current spike. Notice in Figures 22-25 that 
these current spikes are all toward negative values. Negative values 
in these experiments were arbitrarily defined as signifying electron 
flow to the outer segment of the specimen. Thus, a negative current 
/' 
value on any of the plots in this section sign~f£is that the electrode 
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f 
.. 
at the center of the crevice core is acting as the anode. 
This current flow condition is identical to the type of current flow 
that would be observed in a passivating system suffering from crevice 
corrosion.7 
Macdonald17 and others predicted that these current flow events 
would be accompanied by acidification of the crevice. Figure 26 A 
is an excellent example of crevice acidification in a 3% NaCl trial. 
Notice in this figure that the drying cycles are accompanied by cur-
rent spikes in the negative, or crevice • corrosion, region. Notice 
also that these current spikes correlate well with a decrease in the 
crevice pH. This figure is representative of data from the 3% NaCl 
" 
trials ove-r time intervals beyond the 100 hour range shown above. The 
same trend was observed in the distilled water, 3% NaCl, and pH 4.5 
sulfuric acid plots, shown in Figures 23-25, although magnitudes of 
the current and pH variations were usually less severe. 
Current has been presented wi.th potential as a function of time in 
Fig. 23 Band in Fig. 26 B. It should be noted that the pH and cur-
rent data were copied directly from the continuously recorded strip 
chart information, while the potential measurements were collected 
from manual instantaneous measurements performed with an electrometer . •. 
The lack of a continuous ~utput electrometer made evaluation of rapid 
swings in potential difficult. During all of the trials the elec-
trometer was left connected to the cell during drying, and rewetting 
in order to observe any rapid changes that might occur. In these 
intervals, no rapid potential swings were observed. The measured 
potentials in the crevice were always between -.55 V and -.65 V. This 
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potential range is in good agreement with the potential results col-
lected by Alavil and Turnbull. 29 The poor response of the potential 
at crevice core with respect to the change in the wet/dry cycle made 
interpretation of these results difficult. The current measurements 
responded far more quickly and provided more information about the 
coupling of the two electrodes that make up the • crevice. These two 
representative figures show that identifying a cause for the potential 
versus time data is difficult. 
The powerful current spikes, signifying anodic behavior at the 
crevice core and cathodic behavior on the external steel segment, 
observed in Fig. 26 A may be explained by the cathodic reactions on 
the outer steel segment of the apparatus during the drying cycle. 
When the solution is withdrawn, a thin layer of water is left in con-
tact with the corrosion products on the outer segment. The atmo-
spheric oxygen access to this thin layer of solution promotes the 
cathodic oxygen reduction reaction on the outer segment. Because the 
surface area of this outer region is ten times the surface area of the 
crevice core, which does not have access to atmospheric oxygen until 
the drying begins to effect the solution trapped in the • . crevice, the 
crevice corrosion rate is very high. Assuming an instantaneous corro-
sion rate for the current spike shown in Fig. 26 A as "x", the corro-
sion rate may be determined using Faraday's law; 
Anodic current spike= 92 x 10-6 A/cm2 
Time interval in seconds= 180 (time interval over which slope of 
spike was near zero from data) 
icorr * t ~ (n * F * w)/ M. 
' 
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t - time in seconds 
...... 
n - Number of electrons in reaction, assumption of 2 used 
F - 96480 C/mol 
w - weight of metal lost in gms 
M - molecular weight of material, 55.8 g/mol 
92 X 10-6 (180) = W (2) 96480 / 55.8 
The result of the above calculation is a metal loss of 4.7 x 10-6 
grams of metal per cm2 in the short time interval of high crevice cur-
rent flow. This value, extrapolated to a yearly corrosion rate of .84 
grams of metal lost per cm2 per year. This is a severe corrosion rate 
that attests to the severity of the crevice attack during the drying 
cycle. It is apparent from Figs. 23-26 that these significant current 
flows decreased sharply when the external steel surface dried. 
After the outer region of the crevice has dried, the cathodic 
reactions promoted by the· atmospheric oxygen must move in to the cre-
vice zone. Inside the crevice only the outer zone of the trapped liq-
uid will interact with the atmosphere and experience cathodic reac-
tions. Because the geometry of the drying zone in the • crevice con-
trols the area of this cathodic reaction, the corrosion current in 
this stage is variable. However, because the surface area of the 
external segment inside the crevice is only six times larger than the 
surface area of the core segment, the expected current flow and corro-
sion rate at this point must be lower. Figs 23 -26 all show this 
trend. As the drying cycle proceeds, the current flow decreases as 
-116-
·-i.,. 
,~.- , , I, \ 
the drying cycle continues. 
The nex~ consistently observed trend shown in Figures 23-26 is 
that the rewetting of the specimen caused the steel segment at the 
crevice co·re to become more anodic than the outer steel segment. The 
increase~ in the magnitude of the current flow between the two segments 
during rewetting is caused by the reactivation of the cathodic sites 
on the outside of the crevice by the oxygenated electrolyte. The cre-
vice core is never allowed to totally dry, so only some portion of the 
fresh oxygenated solution entering the crevice will promote the cath-
odic reactions. The sharp decay in this current after the cell has 
been wet for a short period is more difficult to explain. 
The electrolyte in contact with the outer segment of the cell is 
exposed to the atmosphere, and should still contain enough oxygen to 
promote the cathodic reactions. Figures 23 - 26 however, show the 
crevice current returning to very close to the O current flow condi-
tion a short time after the crevice is rewet. AO net current flow 
does not mean the crevice has stopped corroding. The O current flow 
condition signifies that both the inside and outside of the 
• crevice 
are corroding at local sites. The assumption that the internal and 
external crevice electrodes are still corroding actively even when no 
current flows between them was supported by the findings of Wilde.30 
The profile of the crevices formed by two plates in Wilde's study 
(Fig. 3) revealed corresponding zones of attack and protection inside 
of a crevice. The zones of attack in the crevice were assumed to be 
local active sites, the unattacked zones 
I inside the crevice were 
assumed to be local cathodes. Wilde found these local attack and pro-
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tection sites on both sides of his crevice assembly. The occurrence 
of these sites inside the crevice proves that corrosion can continue 
in a crevice in the absence of a couple with an external cathode. The 
SEM was used in this study to determine if this type of local attack 
occurred on the core electrode. Based on the size of the pits 
observed with the SEM, Fig. 10 shows that active sites (large pits) 
occurred under a corrosion product ridge and the cathodic sites (small 
pits) occurred outside of the ridge. Thus, the electrodes in this 
assembly have both anodic and cathodic regions inside the crevice. 
The drop in the current flow after the initial high corrosion 
rate experienced during the rewetting cycle may be partially due to 
the condition of the residual electrolyte in the crevice when the 
sample is rewet. The pH data in Figs. 23 - 26 all show a relative 
decrease in the pH during the drying cycle, followed by an increase 
in pH during the rewetting phase. The pH in the 3% NaCl trial shown 
in Fig. 26 A was representative of the trials run in this electrolyte. 
The value is accurate to within 0.8 pH units, based on the post test 
calibration check of the pH electrode as shown in Fig. 6. This pH of 
4.0 suggests that during the drying cycle the increased oxygen access 
to the electrolyte in the crevice leads to the formation of Fe+++ 
0 ions. Table I shows that the hydrolysis of Fe+++ ions will lead to a 
pH below 4. If the assumption is made that some of the Fe++ ions in 
the electrolyte during a drying cycle react with oxygen to form Fe+++, 
the hydrolysis of these ions explains the observed low pH. Recall 
that both Macdonald17, and Pourbaix23 predicted a decrease in pH as a 
result of Feif+ hydrolysis in corroding mild steel systems. 
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Notice that after the sample was rewet, this pH value begins to 
trend back towards more neutral values. The trend towards neutral pH 
values is due to the mixing of the rewetting solution and the residual 
acidic crevice solution. It is possible that the rate of this mixing 
explains why the inner electrode in the aggressive acid solution cor-
rodes rapidly when coupled to the rewetted cathode. When the specimen 
is rewet, fresh cathodic sites on the outside of the samples are 
exposed to oxygen-rich solution, while the core electrode is exposed 
to an aggressive acidic solution. The resulting corrosion accounts 
for the observed high corrosion rate after rewetting. As the • • m1x1ng 
of the fresh electrolyte with the acid electrolyte proceeds, the pH in 
the crevice becomes neutral and the current flow decreases. This 
effect • 1S apparent in Figures 23-26. Proving the validity of the 
mechanism responsible for the observed rewetting current spikes 
requires further experimentation. 
The low pH values in the crevice usually occurred after. the ini-
tial 100 hours of the experiment. Fig. 22 shows this trend for all of 
the trials performed in this study. The pH measurements for all of 
the samples have been recorded on this graph as a function of time. 
The advent of the low pH values in the region between 100 and 300 
hours is significant in terms of the observed results from the other 
types of experiments in this study. The dimensional change data 
showed a decrease in the rate of change in this time frame, and the 
impedance measurement samples exhibited a change in the characteris-
tics of the impedance r~sponse. These effects were related to the 
observed build up of significant corrosion products in the crevice at 
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this time. This observed decrease in the pH confirms the signifi-
cance of the build up of corrosion product in the crevice. Macdo-
nald17 predicted that thick corrosion product layers acidify after the 
hydrolysis reactions occur between the metal and water in the crevice. 
Fig. 22 also confirms one of the observed effects of the corrosion 
products building up in the crevice. The 3% NaCl crevices all start 
to trend towards neutral towards the end of the experiment at 1000 
hours. The magnitudes of the current and pH • excursions in Fig. 27 
are not as great as those from an earlier time frame, Fig. 26. This 
effect shown i~ Fig. 27 and may be attributed to the observed packing 
of the crevice with corrosion products after 1000 hours. When the 
corrosion products pack against the pH electrode in these experiments, 
the pH electrode's access to the actual crevice corrosion solution at 
the metal electrolyte interface decreases. The trend towards neutral-
ity in the long term is more a factor of the experimental design, than 
the actual crevice c·orrosion at the active sites. The current flow in 
Fig. 27 A exhibits the same type of spikes observed in the earlier 
time interval shown in Fig. 26. The current spikes for the 0.30 mm 
initial gap, 3% NaCl electrolyte trial have a magnitude of -92 uA/cm2 
at 247 hours, and -6.6 uA/cm2 at 1100 hours. The potential of the 
core electrode throughout these trials was consistent as shown in Fig 
26 Band 27 B. Assuming the same potential response is the same for 
both of the current spikes, a simple calculation can be used to show 
' the change in resistance for this specimen over the course of the 
experiment; 
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This resistance ratio, based on the initial and final resistances 
in the system, compares reasonably well with the observed changes • 1n 
the resistance of the 0.30 mm (12 mil), 3% NaCl, impedance samples. 
Using the assumption of consistent potential over the course of the 
impedance experiment, the resistances at the beginning and end of the 
0.30 (12 mil), 3% NaCl impedance experiment may be compared. 
Rt2 = X Rtl 
77 - X 7.5 
X = 10 
These resistance changes are both due to the build up of corrosion 
product in the crevice. The impedance and electrochemical experiments 
used in the calculations given above have the same geometry, electro-
' lyte, initial gap setting and experimental duration. Considering the 
already discussed variability in the development of packout in the 
crevice, the resistance ratios derived from these two experimental 
techniques, 14 and 10, demonstrate a good correlation. Because the 
resistance change is dependent on packout, the changes in resi~tance 
in the distilled water and pH 4.5% sulfuric acid trials were less sig-
nificant. 
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The final point to be made with Fig 27 is that in the long term, 
such as 1500 hours, this experimental technique no longer produces 
useful data. Notice the pH, current, and potential plots at this long 
time interval show minimal response to the wet/dry cycle. The limited 
response of the cell to the wet/dry cycle confirms the earlier asser-
tion that corrosion product packout will adversely effect the ability 
of electrochemical measurement apparatus to measure the electrochemi-
cal parameters in the crevice. 
Conclusions; 
The three types of experiments utilized in this study prove that 
simple mild· steel specimens can suffer crevice corrosion when sub-
jected to repeated wet/dry cycles. The crevice corrosion effect does 
not • require the active/passive separation described in the standard 
Fontana and Greene crevice corrosion model. The mild steel • crevice 
corrosion phenomenon is dangerous both because of general metal loss 
in the crevice, and because of the formation of large volumes of cor-
rosion product. The following conclusions were reached in the course 
of this work; 
. 1) Mild steel laboratory crevice assemblies, under the influence 
of wet/dry cycling, suffer from corrosion product packout. Packout 
creates pressures in the crevice that can reach 2100 psi. 
2) The volume of packout evolved • in the • crevice was directly 
related to the ionic concentration of the electrolyte in the crevice. 
Distilled water, the least ionic electrolyte used in this study, gen-
erated little corrosion product in the crevice. 3% NaCl, the most 
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concentrated electrolyte used in the study, generated the most corro-
sion product packout. 
3) The rate of packout induced dimensional changes in experimen· 
tal crevice assemblies decreases over the 2500-hour experiment. This 
decrease in the rate of corrosion was associated with an increase in 
the solution resistance in the crevice as measured by AC impedance 
techniques. 
4) The evolution of packout corrosion in crevices subjected to 3% 
NaCl electrolytes was dependent on the initial gap setting of the ere-
• vice. Small initial gap settings, such as 0.10 mm, became so packed 
with corrosion product that the rate of crevice corrosion slows appre-
ciably after the first 500 hours. Large crevices, such as 2.3 mm, 
never pack with corrosion product due to the effects of the rewetting 
cycle on the evolved corrosion products in the crevice. These effects 
were observed in the AC impedance response of cells with large and 
small initial gap ~-settings. Large gap settings did not show much 
change in the impedance response, while small crevices experienced a 
rapid increase in solution response. 
5) The dimensional change measurement experiments and the AC impe-
dance experiments demonstrated that for the 50 mm cylindrical geometry 
used in this study, the 0.30 mm initial specimen gap produces the 
most severe corrosion. Specimens with initial gap settings of 0.30 
mm showed continuous increases in dimension due to continuous evolu-
tion of packout in crevice. The AC impedance solution resistance term 
for specimens with this initial gap setting demonstrated a similar 
I 
continuously increasing trend. Crevices with these initial gap set-
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tings are small enough to trap corrosion product in the crevice during 
the rewetting cycle while remaining porous enough to allow continuous 
electrolyte access to .the active sites. 
6) The electrochemical measurement apparatus confirmed the find-
ings of Alavil and Turnbul129 that for all three electrolytes, the pH, 
increased into the alkaline range in the early (<100) hour portion of 
the experiment. The evolution of OH- ions in the crevice, during the 
early portion of the experiments, was due to cathodic oxygen reduc-
tion. 
... 
7) pH in the crevices with initial gap settings near 0.30 mm, • in 
3% NaCl, decreased during the drying portion of the wet/dry cycle. 
The lowest pH recorded in the experiment was 3.9. The decrease in the 
solution pH in the crevice was associated with the exposure of the 
crevice electrolyte to atmospheric oxygen. Hydrolysis of the Fe+++ 
ion accounted for the low pH in the crevic~. 
8) All three types of experiments used in this study show that 
the wet/dry cycles increase the corrosion in the crevice. 
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